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On theR2Fe14B ~R5rare earth! pure and hydrogenated compounds a systematic ac magnetic susceptibility
study has been performed, to determine the origin of a frequently observed anomaly, nonrelated to the spin
reorientation transitions. We have been able to induce the anomaly by thermal annealing the ingots, and to
increase its height increasing both the annealing time and temperature. This susceptibility anomaly has been
correlated with a similar one found, for the same samples, at the same temperature in magnetic aftereffect
~MAE! measurements. We conclude that the anomaly is caused by magnetic disaccommodation of point
defects coupled to the domain walls. Based on this mechanism a simple model is proposed, which interprets
the phenomenology of this type of anomalies. For all samples measured and with activation energy and
relaxation time parameters for the domain wall motion~coupled to defects! obtained from MAE experiments,
the real and imaginary components of the susceptibility data have been fitted to the appropriate analytical
expressions.@S0163-1829~96!09645-2#

I. INTRODUCTION

The measurement of the ac initial magnetic susceptibility,
xac, is a technique widely used in the study of physical prop-
erties of magnetic materials, due to its high sensitivity to
detect magnetic phase transitions.1 The renewed interest in
rare earth (R) transition metal (T) intermetallic compounds
for permanent magnet applications2–4has enhanced the study
of the anomalies associated with their magnetic spin reorien-
tation phase transitions~SRT! and, therefore, a large amount
of xac data have been produced. Due to the very nature of
xac, which is sensitive both to the intrinsic and extrinsic
properties of the samples, it strongly depends on microstruc-
ture, impurities, defects, etc. of the samples and some
anomalies~non-SRT! in xac may be due to other causes be-
sides a spin reorientation transition. In this context, we stress
that most of the measurements have been performed on poly-
crystalline samples and their anomalies are smeared out.5

In many intermetallic compounds the non-SRT anomaly
has often been found at thermal range 150 to 250 K and in all
cases the anomaly shows similar magnetic and thermody-
namic behavior. Its origin has been the subject of a number
of conjectures and conflicting interpretations and we aim to
shed some light on the origin of this anomaly. To this aim we
feel it is worth to briefly review the existing data and inter-
pretations on the most relevant series of rare earth transition
metal intermetallic compounds.

OnR2T14Z compounds~R5Nd, Sm, Tb, Dy, Ho, Er, Tm;
T5Fe, Co;Z5B, C!6 the non-SRT anomaly has always been
detected at the same thermal range~200 to 260 K!. For
Nd2T14B and Pr2T14B the anomaly was assumed to be cor-
related with the critical temperature at which first order mag-
netization process~FOMP! transitions appeared.7 Unluckily,
the interpretation is in conflict with the counterexamples
R5Sm, Tb, Dy, Er, Tm where the anomaly is present, but no

FOMP’s are known to exist. Sm2Co14B has the same kind of
anomaly and it was explained as due to a SRT in the basal
plane.8 However, this transition has never been corroborated
by magnetization measurements.

The anomaly has also been detected in a Nd2Fe14B single
crystal, whenxac(T) was measured along thec direction
~tetragonal symmetry!.9 This is an important result since it
allows to disregard some of the proposed origins for the
anomaly, namely magnetic ordering of spurious phases10 or
superparamagnetic blocking of small particles.11 However
important it is, other single crystals of the same or different
composition have shown no anomalies.12,13

Besides the pure compounds, the non-SRT anomaly has
also been detected in hydrogenated materials, particularly in
Ho2Fe14BHx ,

14 and it was reported that the anomaly shifted
to lower temperatures as hydrogen amount increased. The
existence of the anomaly was ascribed to the onset of a col-
linear to noncollinear magnetic phase transition. For
Pr2Fe14BHx the origin of the anomaly was correlated with a
SRT induced by hydrogen uptake.15

The R2Fe17 compounds provide further phenomenology.
Sm2Fe17, which has no SRT in the whole thermal range,16,17

shows a clear anomaly around 165 K.18,19This anomaly was
interpreted as due to a strong variation of the anisotropy,
caused by the higher than second order crystal electric field
terms of the Sm31 ion.19 Moreover, the anomaly shifts to
higher temperatures if there is interstitial carbon, while the
insertion of interstitial nitrogen induces a new anomaly.20 It
was conjectured that the anomaly was caused by a SRT or
FOMP, but these transitions were not observed up to a field
of 35 T and the conjecture was dropped.21

Kronmüller et al.22 showed that an anomaly appears in
magnetic aftereffect~MAE! measurements on Sm2Fe17 and
two anomalies in its nitride Sm2Fe17Nx , at the thermal range
200 to 250 K. The MAE anomaly was assigned to thermally
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activated jumps of iron vacancies and interstitial nitrogen
atoms. For Nd2Fe14B ~Ref. 23! andR2Fe14BHx ,

24 we also
confirmed the existence of correlation between the anomalies
detected which appear inxac(T) and MAE measurements.
For Sm2Fe17Hx this correlation has recently been
reported.25,26

ForR2Co17 ~R5Tb, Dy, Ho! again the non-SRT anomaly
has been found at the thermal range 150–200 K.27 It was
interpreted as due to the combination of two opposed effects:
domain wall motion~DWM!, which increases as temperature
rises,9 vs planar anisotropy, which decreases with increasing
temperature, and might become very small.

Once again, the same non-SRT anomalies have been de-
tected forRFe11Ti ~R5Nd, Sm, Er, Tm! at the thermal range
200 to 250 K~Ref. 28! and explained as above. Moreover,
for RFe11Mo ~R5Ho, Er, Tm, Lu, Y, Sm! similar anomalies
as in the Ti-based compounds have been measured. For the
Sm compound the anomaly was assigned to the existence of
a FOMP, while in the other compounds it was correlated
with an unknown phase transition of the Fe sublattice.29 The
study was extended to the Y and Lu~nonmagnetic elements!
compounds and their anomalies inxac(T) were ascribed to
spin-glass-like magnetic transitions, because of their mag-
netic relaxation behavior.30 Moreover, forR5Er, Tm, and
Ho the origin of the anomaly was assigned to a spin-glass-
like behavior, due to frustrated magnetic ordering in the
Fe-Mo sublattices.31 However, recentxac(T) measurements
performed on these Mo-based compounds have not detected
these anomalies.32

Finally, analogous anomalies have been reported on the
recently discovered familyR3~Fe12xTix!23 ~R5Nd, Tb!.33,34

For the Nd compound33 the temperature of the anomaly is
almost coincident with a sharp increase of theK1 anisotropy
constant, apparently in agreement with the interpretation
given in Ref. 7. But in the Tb-based compound,34 though
both phenomena are present, they appear at different tem-
peratures, which means they are clearly uncorrelated.

To study this type of non-SRT anomaly we have chosen
both the pure and hydrogenated family ofR2Fe14B com-
pounds. We have synthesized fresh compounds, measured
theirxac(T) and applied heat treatments with varying anneal-
ing time and temperature~Sec. III!. Moreover, we have de-
veloped a model~Sec. IV! that describes consistently the
magnetic susceptibility and the MAE data in terms of a dis-
accommodation process. Finally, the applicability of this
model to other rare earth–intermetallic compounds has been
tested.

II. EXPERIMENTAL DETAILS

TheR2Fe14B ingots have been synthesized by melting the
constituent elements in a hf induction oven under argon at-
mosphere~P51.2 bar!. Each as-cast ingot was first polished
with abrasive paper, to eliminate any oxide from the surface,
and then powdered in air, in an agate mortar, to about 10mm
grain size. The powdered samples were wrapped in tantalum
foil, sealed in silica capsules, annealed in a temperature con-
trolled furnace during a programmed time and then quenched
in water. To obtain epoxy-bonded oriented powders, a 1 T
magnetic field was applied to the epoxy powder mixture
while it cured.

Samples with maximum hydrogen content were prepared
from the ingots, in an autoclave~H2 at 22.5 bar and 300 °C!.
The amount of hydrogen was determined by gravimetry. The
intermediateR2Fe14BHx compounds were synthesized by re-
action, at 300–350 °C, of nominal proportions to obtain the
desiredx value, of the pure and fully hydrogenated com-
pounds. Epoxy-bonded oriented powders were prepared as
above.

The crystallinity and homogeneity of the compounds was
assessed by x-ray powder diffraction. The Debye-Scherrer
technique, in the Bragg-Brentano geometry and with FeKa1
and CuKa radiations, was used. The microstructural con-
figuration was observed on powders by scanning electron
microscopy~SEM! ~25 kV operating voltage! and the el-
emental composition was checked on polished samples by
energy dispersive spectroscopy in the same apparatus.

The complex ac susceptibility, both the in phase,x8, and
the out of phase component,x9, was measured in an induc-
tion ac susceptometer,35 from 4.2 K to room temperature
~RT! in an exciting field amplitude~120 Hz, unless otherwise
mentioned! of 1 Oe. The anisotropy of the anomaly has been
studied measuringx in the parallel~xi! and in the perpen-
dicular ~x'! direction with respect to the alignment axis of
the epoxy-bonded samples, i.e., with respect to their easy
magnetization direction~EMD!. The MAE was characterized
measuring the variation of the initial permeability,
m5m0~11x!, as a function of time after demagnetizing the
sample with an ac external field, whose amplitude decreased
linearly with time.36

III. EXPERIMENTAL RESULTS

A. Magnetic characterization with ac magnetic susceptibility

The ac susceptibility ofR2Fe14B compounds at low excit-
ing field is due to reversible rotation of the magnetization
and to DWM.9,12,13Since we are interested in the non-SRT
anomaly, we have focused our study on the temperature
range where the first contribution to the magnetization is
nonanomalous. Therefore, we hope that any anomalous
variation in susceptibility will be only due to DWM.

In this section we present some selected and illustrative
examples of our measurements. In Fig. 1, we show, for
epoxy-bonded oriented Ho2Fe14B powders the thermal de-
pendence ofx i8 andx i9 measured at frequencies which cover
three decades. Notice that the anomaly appears clearly both
in x i8(T), which shows a round and asymmetric anomaly at
the thermal range 150 to 250 K, and inx i9(T), which shows
an anomaly wider and one order of magnitude lower than the
one forx i8(T). A slight frequency dependence is observed in
the low temperature side of the anomaly and no dependence
is detected in the high temperature side. Above 300 K both
x i8 andx i9 sharply increase for low frequency excitation~1
Hz!.

In Fig. 2~a!, we show thex8(T) measurements for non-
oriented Nd2Fe14B powders. Two anomalies are present: one
peak around 135 K, which corresponds to the SRT exhibited
by this compound,37 and a shoulder about 240 K, the
anomaly of present interest. Figures 2~b! and 2~c! showx i8
and x'8 measured on an epoxy-bonded oriented powder
sample. The SRT peak is enhanced inx'8 , as expected.

9,12,13
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In contrast, the anomaly near 240 K is enhanced inx i8 ,
which implies a strong anisotropy. It has been observed that
the grains of these materials are subdivided into 180° do-
mains with their domain walls~DW! parallel to thec axis.2–4

Since in the sample measured most grains have been aligned
with their c axis parallel to the EMD, the mobility increase
of these 180° DW give rise to an enhancement inx i8 , while
they give no contribution tox'8 , because DW are not moved
by a small perpendicular exciting field.

In Fig. 3, we showx i8(T) measured on epoxy-bonded
oriented Ho2Fe14B powders and with an external dc biasing
magnetic field~H50, 1, and 5 kOe! applied along the EMD
direction. When the magnetic field increases the anomaly
strongly reduces its height and disappears when the grains
become single domains, at fields higher than 5 kOe as deter-
mined from hysteresis curves.

In Fig. 4~a!, the presence of thermal hysteresis in the non-

SRT anomaly for epoxy-bonded oriented Ho2Fe14BH3.1 pow-
ders is demonstrated. In the cooling process the anomaly
shifts to lower temperature with respect to its appearance in
the warming run and its height strongly decreases. Another
different thermal effect appears, namely that the height of the
anomaly depends on the cooling rate that brings the sample
to the starting temperature for a warming run@Fig. 4~b!#. As
a conclusion, we can discern the non-SRT anomaly from the
SRT one just studying the height enhancement inx i8(T) and
its thermal hysteresis.

The phenomenology involved in the non-SRT anomalies,
and shared by all compounds which exhibit the anomaly, has
been explored in a systematic study of theR2Fe14BHx series
~R5Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu!
and forx ranging from zero to the maximum hydrogen con-
tent. From this extensive set of measurements we have se-
lected some of them to illustrate the common phenomenol-
ogy.

~a! The anomaly is batch dependent. In Fig. 5 we show
the measurements performed on Ho2Fe14B stemming from
two different batches. Both preparations were carried out un-

FIG. 1. In-phase,x8, and out-of-phase,x9, magnetic susceptibil-
ity vs temperature of epoxy-bonded oriented Ho2Fe14B powders
measured along the EMD, at three different frequencies:n, 1 Hz;
s, 120 Hz;d, 980 Hz.

FIG. 2. x8 vs temperature for the Nd2Fe14B compound, mea-
sured for different orientations:~a! free powder;~b! x i8 , measured
along the EMD in epoxy-bonded oriented powder;~c! x'8 , mea-
sured along the direction perpendicular to the EMD in epoxy-
bonded oriented powder.

FIG. 3. x i8 vs temperature of epoxy-bonded oriented Ho2Fe14B
powders at different external dc fields,H50, 1, and 5 kOe and
applied parallel to the EMD.

FIG. 4. x i8 vs temperature of epoxy-bonded oriented
Ho2Fe14BH3.1 powders at 120 Hz and under different thermal con-
ditions: ~a! measurements performed when heating~d! or cooling
~s! the sample;~b! measurements performed heating the sample
after a fast cooling~minutes! ~d! of the sample, or a slow cooling
~hours! ~s!.
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der as identical as possible conditions. The samples were
checked by x-ray powder diffraction and they showed iden-
tical diffractograms. In one of the samples the anomaly
clearly appeared at 240 K, but in the other one no anomaly
was observed in the whole thermal range.

~b! In R2Fe14B compounds the anomaly may appear for
any R atom, even ifR is nonmagnetic~R5Y, La, Lu!. In
Fig. 6 we showx i8 and x i9 for epoxy-bonded oriented
Y2Fe14B powders. The anomaly is clearly observed and pre-
sents its characteristic thermal hysteresis.

~c! The anomaly may appear irrespective of the crystal
size of the sample. For example, it had been detected in a
Nd2Fe14B single crystal9 and we have detected it in as-cast
ingots, in free powder and in magnetically oriented powders.

~d! The relative size of the anomaly, once it appears, may
depend on grain size. In Fig. 7~a! we show that for Dy2Fe14B
the as-cast ingot yields a lower maximum than the one for
the crushed powder~10 mm grain size! @Fig. 7~b!#.

~e! The anomaly temperature depends on hydrogen con-
centration. In Fig. 8~b!, we showx i

8 (T) for epoxy-bonded
oriented Ho2Fe14BHx powders. The anomaly which the pure
compound presents near 240 K is progressively shifted to
lower temperatures, with increasingx, down to about 130 K
~for x>2!. The same phenomenology occurs in other series
~R5Ho, Tb, Pr, Nd, Y!, as can be seen in Fig. 9, where we
show the evolution ofTA(x), the temperature at which there
is an inflection point inx8(T) above the maximum. All com-
pounds have a similar dependence, but for the Y one, which
has a less pronounced dependence.

B. Induction of the anomaly

To elucidate the origin of the anomaly we performed
some physical and chemical modifications in the sample
preparation procedure. We chose Nd2Fe14B as test system,
because for it the anomaly has clearly been observed7,9 ~see
Fig. 2!. Moreover, it also has a SRT~Ref. 37! in the appro-
priate thermal range~77 K to RT! and, therefore, the SRT
anomaly may be used as a probe to determine how the pro-

FIG. 5. x8 vs temperature of two samples of Ho2Fe14B coming
from different batches.

FIG. 6. x i8 and x i9 vs temperature of epoxy-bonded oriented
Y2Fe14B powders. Thick lines show the heating run, thin lines, the
cooling run.

FIG. 7. x8 vs temperature of two samples of the compound
Dy2Fe14B: ~a! ingot sample;~b! free powder resulting form crush-
ing the same ingot.

FIG. 8. ~a! Isochronal relaxation curves performed on epoxy-
bonded oriented Ho2Fe14BHx ~x50, 0.8, 1.5, 2.4, and 3.1! powders
measured along the EMD, and fort254, 8, 32, and 128 s. For each
sample, theDm signal is higher for increasingt2. ~b! x8 vs tempera-
ture measurements performed over the same samples. The arrows
mark the inflection point of the anomaly.
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cessing affects this phase. For every testing step we have
used different samples, which have always been taken from
an unique batch. The effects on the induction of the anomaly,
which the different modifications in the synthesis, annealing
and subsequent quenching process produce on the com-
pounds at room temperature, are summarized below.

(a) Nonstoichiometric compositions. Ingots with nominal
composition Nd2FexB, x ranging from defect~x511! to ex-
cess~x515! with respect to the stoichiometric compound,
were synthesized. From SEM measurements the existence of
stoichiometric grains surrounded by Nd rich phase, other
spurious phases, anda-Fe were clearly discernible forx.14.
However, we could not correlate the existence of the
anomaly with the presence of any secondary phases. There-
fore, we conclude that neither the existence of other phases,
nor the existence ofa-Fe induces the anomaly.

(b) Surface oxidation. As-cast ingots, which had been in
contact with air and humidity for years and had grown a
thick oxide layer, showed no anomaly. On the other hand, an
ingot which was well covered by a thick oxide layer and
presented the anomaly, was polished and remeasured. The
anomaly was not modified by the polishing process. We con-
clude that surface oxidation certainly does not induce or
modify the anomaly.

(c) Annealing. The selected starting material was a sto-
ichiometric sample which did not show any anomaly. The
annealing process was performed after carefully sealing the
sample in a silica capsule under pure argon atmosphere. Af-
ter a given annealing time at each temperature the capsule
was dipped in water to quench the compound to room tem-
perature. To our surprise, the mere process of sealing the end
of the capsule with a flame torch gave rise to the anomaly.

To clarify the effect of annealing we made some con-
trolled experiments modifying two parameters: the annealing
temperature and the annealing time. Moreover, to quantify
the relative size of every anomaly we proceed as follows:
The SRT is an intrinsic property and it is not affected by the

annealing procedure. Therefore, for every thermally treated
sample,x8 has been scaled to the non-anomalousx8, which
we consider as the base line, just overlapping the SRT. The
relative size of every anomaly has been quantified by
p~%!5d /x8, whered is the difference between the value of
x8 at the maximum of the anomaly and the value ofx8 for
the base line at the temperature of the maximum, andx8 is
this last value~see Fig. 10!. We have seen thatp increases
for any thermal treatment, either for fixed time and increas-
ing annealing temperature~Fig. 11!, or for fixed temperature
and increasing annealing time.

To summarize this section we conclude the following:~a!
in an as-cast ingot the anomaly appears only in some cases
~depending on parameters out of our control such as the
melting temperature, the melting time, the quenching pro-
cess, etc.!; ~b! annealing and subsequent quenching always
induces the anomaly, even if it was not present in the as-cast
sample;~c! annealing and subsequent quenching enhances
the anomaly, if previously present.

FIG. 9. Dependence ofTA with the hydrogen content in the
R2Fe14BHx compounds~R5Ho, Tb, Pr, Nd, Y!. The symbols indi-
cate the minimum indx8/dT and the vertical bar represents the
temperature range between the maximum value ofx8(T) in the
anomaly and the minimum above the anomaly.

FIG. 10. x8 vs temperature of two Nd2Fe14B free powders: one
with the anomaly ~continuous line! and another one without
anomaly~dashed line!. d: see text.

FIG. 11. Dependence of the relative size of the anomaly for
Nd2Fe14B powders~described by the parameterp; see text! with the
annealing temperature, for an annealing time of three days.
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C. Magnetic aftereffect measurements

The MAE measurements were performed on two epoxy-
bonded oriented Nd2Fe14B powders. The samples were from
different batches; one of them had the non-SRT anomaly in
xac(T), while the other showed almost no anomaly~Fig. 12!.
We first applied a triangular demagnetization procedure and
then measured, at each temperature, the variation of the ini-
tial magnetic permeability along the EMD,m5m0~11x!, as a
function of time, between a fixed initial timet1 and variable
final time t2. In Fig. 13 theDm(T)5m(T,t1)2m(T,t2) iso-
chrones are shown, which correspond to the thermal depen-
dence of the variation of the initial permeability between
t152 s and differentt254, 8, 32, and 128 s. There is a clear
correspondence between the size of both anomalies; i.e., the
larger the anomaly inx8(T) is, the larger it is in MAE~con-
tinuous line in Figs. 12 and 13!, on the contrary, when it is
hardly present inx8(T) it nearly disappears in MAE~dashed
line in Figs. 12 and 13!. Notice that in Nd2Fe14B there is no
MAE anomaly atTSRT5135 K @Fig. 14~a!#, which implies
that in the time window of these experiments the magnetic
moments are in equilibrium at the SRT temperature region.

We have also performedxac(T) and MAE experiments on
epoxy-bonded oriented Nd2Fe14BHx powders along the
EMD. The correlation between the anomalies which appear
in xac(T) and MAE measurements is again evidenced~see
Fig. 14!; in both types of measurements the anomalies are
shifted progressively to lower temperature for increasingx.
As in the pure compound, the SRT of these compounds38 do
not give rise to a MAE anomaly.

In order to assure the correlation betweenxac(T) and
MAE for otherR substitutions, we performed an analogous
MAE study on the Ho2Fe14BHx compounds. Indeed, the ther-
mal dependence of the MAE signal on these samples at dif-
ferent isochrones, Fig. 8~a!, correlate with thex8 anomalies,
Fig. 8~b!, which proves the generality of this phenomenon.

At any rate, these experiments demonstrate clearly that
there is a perfect correlation between the anomalies of both
x8 and MAE for a given sample, so the underlying physical
mechanisms which produce the anomalies, detected by two
different experiments, must be the same.

IV. DISCUSSION

A. On the magnetic aftereffect

The above described experiments correspond to the re-
versible~or Richter type! MAE.39 There are two microscopic
mechanisms that can originate it: diffusion of defects in the
crystal lattice, in a long-range process, or orientational after
effects due to local reorientation of the symmetry axis of
anisotropy defects, in a short-range process. Irrespective of
the kind of process, the simplest modelization for the time-
dependence of magnetic susceptibility corresponds to a De-
bye process, with a relaxation timet, which follows the
Arrhenius law,

t5t0 exp~Q/kBT!, ~1!

whereQ is the activation energy andkB the Boltzman con-
stant.

FIG. 12. x i8 andx'8 vs temperature of two samples of epoxy-
bonded oriented Nd2Fe14B powders:~continuous line! sample with
anomaly;~dashed lines! without anomaly.

FIG. 13. Isochronal relaxation curves performed at differentt2
time on two samples of epoxy-bonded oriented Nd2Fe14B powders:
~a! corresponding to a sample that presents an anomaly in the sus-
ceptibility and ~b! corresponding to a sample which presents no
anomaly. MAE experiments were performed along the EMD. The
samples used have been the same ones as those used in the mea-
surements shown in Fig. 12.

FIG. 14. ~a! Isochronal relaxation curves performed on epoxy-
bonded oriented Nd2Fe14BHx ~x50, 1, 1.5, 2, 3.1, and 3.8! powders
measured along the EMD, and fort254, 8, 32, and 128 s. For each
sample, theDm anomaly is higher for increasingt2. ~b! x8 vs tem-
perature measurements performed on the same samples. The arrows
point to the inflection point of the anomaly.
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The total interaction energy between the DW and the de-
fects may be written as the sum of two contributions which
are position dependent,

Eint~r !5E1~r !1E2~r !. ~2!

E1(r ) is a long-range term that results from the magneto-
strictive interactions between the internal stresses of the de-
fects and the elastic stresses of the DW.E2(r ) is a short-
range magnetocrystalline interaction which is attributed to
local perturbations of the exchange interactions and the spin-
orbit coupling energy.40–43 The equilibrium distribution of
DW and defects positions is determined by the minimum of
this function.

In our MAE experiment an external field is applied, in a
first step, which drives the magnetic system out of equilib-
rium. When, in a second step, the sample is subsequently
demagnetized the DW’s and defects are at off-equilibrium
positions. Therefore the DW are not pinned to defects andx8
will be maximum since the mobility of DW’s is also maxi-
mum. After demagnetization, the system will evolve towards
equilibrium via the thermal activated process of defects mov-
ing towards minimum energy positions; this is called ‘‘mag-
netic disaccommodation process.’’ The motion of the defects
to positions which allow for less mobility has the effect of
reducingx8.

The disaccommodation process originates a peak in the
temperature dependent representation ofDx(t1 ,t2 ,T)
5Dm(t1 ,t2 ,T).

42 Though, in principle, there is a distribu-
tion of different relaxation times, we assume they may be
averaged and that its expression may be described in terms of
average prefactor time constant,t̄0, and average activation
energy,Q̄. The thermal and time decay of the susceptibility
after demagnetization can be expressed as

x~ t,T!5x`~T!1Dx exp@2t/t~T!#. ~3!

We have fitted our MAE data~Figs. 8 and 14! on the
Nd2Fe14BHx and Ho2Fe14BHx series, and have obtained an
average value oft̄05~361!310213 s, common for all com-
pounds. In Table I we showQ̄(x) together with the tempera-
ture,TA(x), at which the correspondingx8(T) anomaly has
an inflection point. When we compareQ̄(x) for both series
of compounds, we observe that they have very similar values

for a givenx. Also bothQ̄(x) andTA(x) decrease rapidly for
low values ofx and tend towards constant values forx>2.

The MAE anomalies are consistently found about 250 K
and their shape is rather sharp. By comparison to similar
phenomenology in other compounds43–46 we consider that
short-range diffusion of vacancies or interstitial atoms is the
most probable mechanism which modifies the DW mobility.
We propose a two process model, similar to that proposed
for the Sm2Fe17Hx compounds,

25,26 to explain the anomaly;
in the pure~or low hydrogen content! compounds the Fe
vacancies are the most probable diffusing entities, while for
higher x values the H atoms jump between different sites
~though H atoms may be coupled to the Fe vacancies as
well!. In both cases the effect is a reorientation of the local
anisotropy~orientational aftereffect!. Indeed there are vari-
ous reported examples of diffusion of Fe vacancies47,48 or
reorientation of H atoms44,49with similar values ofQ̄(x), t̄0,
andTA .

We can describe the MAE phenomenology displayed in
Sec. III in terms of the proposed model. In the pure com-
pounds the anomaly appears on particular batches, only if
sufficient vacancies are created and when their mobility is
high enough. The annealing increases the density of vacan-
cies and they are more homogeneously distributed and in the
subsequent quenching process the new defects are blocked
throughout the sample~in fact, this is a well documented
procedure to create vacancies50!. Since these point defects
are coupled to the DW in the disaccommodation process, the
higher the concentration and homogeneity of vacancies is,
the more the DW become coupled to them. This has the
effect of increasingDx @Eq. ~3!# without modifying Q̄,
which explains the increase of the height of the anomaly
with increasing annealing temperature and time.

In the case of hydrogenated compounds, the existence of
H-interstitial atoms ensures the existence of disaccommoda-
tion of the DW coupled to them. A simple thermodynamic
model49,51,52may be adapted to explain the temperature de-
pendence of the activation energyQ for H jumps between
positions with discrete energy states. We recognize the fact
that each site may be either occupied by just one H atom or
remain empty. Therefore, a pseudo-Fermi Dirac statistical
mechanics model may be applied to the H ensemble and, for
a given H content, the chemical potential,m, acts as a
pseudo-Fermi level, which increases for increasingx. Con-
sequently,m corresponds to the energy of the H atom with

TABLE I. Activation energies,Q̄, and inflection point,TA , of the anomaly inx8 for different hydrogen
concentrations. For both series of compounds the valuet̄05~361!310213 s has been obtained.

x
~60.1!

Ho2Fe14BHx

Q̄ ~eV!
~60.01 eV!

TA ~K!
~65 K!

x
~60.1!

Nd2Fe14BHx

Q̄ ~eV!
~60.01 eV!

TA ~K!
~65 K!

0.0 0.70 235 0.0 0.68 241
0.8 0.58 202 1.0 0.54 191
1.5 0.48 167 1.5 0.52 175
2.4 0.36 124 2.0 0.47 113
3.1 0.36 127 3.1 0.35 114

3.8 0.34 114
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highest binding energy. In the equilibrium statem increases
as the interstitial sites are progressively filled for increasing
x.

We may consider that the activation energy for the H
jumps is

Q̄5Ea2m, ~4!

whereEa is the average saddle point energy of the potential
wells in which the H atoms are located and which have to be
overcome in the diffusion process. If we assume
that Ea is temperature independent,Q̄ decreases asm
increases for increasingx. In fact, this is the tendency found
experimentally.

As a conclusion, we propose that the relaxation process
present in these systems is an orientational aftereffect of the
local anisotropy due to the motion of Fe vacancies and H
interstitial atoms.

B. On the ac magnetic susceptibility

Once we have shown in the previous section that the ori-
gin of the anomaly in MAE measurements is magnetic dis-
accommodation of DW coupled to point defects, we proceed
to introduce the same model and parameters to interpret our
xac(T) data.

We may identify several characteristic time constants:t,
the average relaxation time of defects, given by the Arrhen-
ius law; tm , the inverse of the excitation frequency andte ,
the time span for every experimental point measurement. For
our experimental conditionstm'1022 s andte'200 s and
are kept constant throughout the experiment, whilet de-
creases exponentially with increasing temperature@see Eq.
~1!#. For Nd2Fe14B and Ho2Fe14B and with t̄0 and Q̄ deter-
mined from MAE experiments we get fort that it varies
from 1030 s at 77 K to 1023 s at 300 K. Therefore, to explain
the global behavior ofx8(T) andx9(T) the relative value of
t respect totm and te establishes four thermal ranges for
increasing temperature, which are as follows.

~I! Metastable state range:t@te@tm . DW’s and defects
are in non-thermodynamic equilibrium.

~II ! Magnetic disaccommodation range:t'te@tm . De-
fects and DW’s reach the thermal equilibrium state in a dis-
accommodation process.

~III ! Adiabatic regime:te.t.tm . The system is in ther-
mal equilibrium, but its response to the ac field is in the
adiabatic regime; hence, defects cannot follow DW displace-
ments at the excitation frequency.

~IV ! Isothermal regime:te@tm@t. The response to the
ac field changes from the adiabatic regime to the isothermal
one. Defects are able to follow the DW displacements at the
excitation frequency.

To interpret thexac(T) data we consider that in any of the
four regimes there are two contributions: the background
component,x0(T), and the contribution due to the presence
of moving defects,xmd(T), coupled to DW.

x0(T) is produced both by the reversible rotational pro-
cess of the magnetic moments and by the motion of domain
walls excited by the ac field. In the present work we simply
determine it from the experiment on a sample without
anomaly, and assume it to be additive to the contribution due
to the presence of mobile defects coupled to DW.

The second component,xmd(T), caused by the motion of
the domain walls of a ferro~i!magnetic compound when ex-
cited by an alternating field in the presence of mobile de-
fects, has been derived by Wantenaaret al.53 In our xacmea-
surements the exciting magnetic field,h5h0 sinvt exerts an
alternating force on the DW, assumed to be pinned in a po-
tential well with an intrinsic damping mechanism, therefore
its equation of motion is that of a forced damped oscillator.
The restoring force has two contributions: the first is associ-
ated with the intrinsic elastic coupling, that can be consid-
ered harmonic, the second corresponds to the attractive po-
tential, which describes the interaction between walls and
defects that act as pinning centers, as explained in Sec. IV A,
Eq. ~2!. Besides, we have to consider that when a DW
moves, the defects coupled to it will diffuse with an average
relaxation time,t. The equation that describes the whole
motion is,

mq̈1bq̇52kq1aH~ t !1k~r ,s!s, ~5!

wherem is the effective mass of the DW,q is the one-
dimensional displacement of DW with respect to the equilib-
rium position at zero field~see Fig. 15!, b is the damping
coefficient which represents intrinsic wall losses,k is the
elastic constant,a is the constant of proportionality linking
the magnetic fieldH(t) and the corresponding time depen-
dent force on the wall,s is the instantaneous displacement
from the DW ~in the q direction! of the pinning center and
k(r ,s) represents an attractive potential between walls and
pinning centers of ranger . Since this potential is centered at
the defects, hence it has a mobility defined byt. Besides, we
assume that the magnetization is proportional to theq dis-
placements. In Fig. 15 we show schematically a DW and
point defects acting as pinning centers. In the first case de-
fects and DW are in equilibrium, whereas in the second case
the DW moves under the excitation of the applied field and
the defects try to follow this displacement.

Assuming an attractive harmonic potential of infinite
range @so that k(r ,s)5constant, and scalingk5k/k#, the
equations that describe the dependence ofx8 andx9 ~adimen-
sional! with the external excitation frequency,n52pv, are

FIG. 15. Schematic representation of a domain wall coupled or
pinned to point defects in two cases:~a! without external applied
field; ~b! with an external applied field parallel to the DW, that
produces its movement.q ands represent the spatial coordinates;k
andk are the strength constants@see Eq.~5!#.

54 15 245MAGNETIC DISACCOMMODATION PHENOMENA IN RARE- . . .



x85
11v2t2~11k!

11v2t2~11k!2
,

x95
2vtk

11v2t2~11k!2
. ~6!

Though this is, in fact, a Debye-type relaxation process, in
the present caset is temperature dependent, while the fre-
quency of the external ac field is kept constant. The tempera-
ture dependence of these functions can be obtained combin-
ing Eqs.~1! and ~6!,

xDeb8 ~T!5xDeb8 ~T5`!
11v2~11k!t̄0

2exp~2Q̄/kBT!

11v2~11k!2t̄0
2exp~2Q̄/kBT!

,

xDeb9 ~T!5xDeb9 ~T5`!
2vkt̄0exp~Q̄/kBT!

11v2~11k!2t̄0
2exp~2Q̄/kBT!

.

~7!

Q̄ andt̄0 were determined for several compounds from MAE
measurements,~see Table I! and thek constant can be deter-
mined from appropriate experimental data, since
x8(T→`)/x8(T50)'11k. The resulting susceptibilities
from Eq.~7! as a function of temperature are depicted in Fig.
16.

At low temperature,t@tm , defects cannot follow the DW
displacements because, within the time span of the ac excit-
ing field period, their diffusion is too slow. The pinning cen-
ters~and potentials caused by them! remain superimposed on
the intrinsical harmonic well potential. This superposition of
static potentials reduces the magnitude of DW displacement
and, therefore, there is a reduction ofx8 to the so-called
adiabatic susceptibility limit. Since there is no movement of
defects, there is no time-delay in the response and conse-
quently, no losses are observed inx9. At high temperatures,
t!tm , when the thermally activated diffusion works, the de-
fects respond fast to any DW displacement. Since the DW
motion is accommodated at all times, the DW is not influ-
enced by the pinning center and is effectively unpinned.

Thereforex8 is higher and corresponds to the isothermal sus-
ceptibility. At intermediate temperatures,t'tm , the DW
speed is close to the rate of pinning centers diffusion. The
appearance of a lag between DW and defect displacements
gives rise to a maximum inx9(T) at the temperature of the
inflection point ofx8(T).

The magnetic disaccommodation process, which causes
the MAE anomalies, produces a third type of contribution to
the dynamic susceptibility. This fact may be explained if we
analyze the methodology of thex8(T) measurements and we
take into account the values of the relaxation time,t, com-
pared to the measuring time of a point,te , at different tem-
peratures. Usually one starts cooling from RT, wheret is
very low, and both defects and DW’s are in equilibrium.
When 77 K is reached the conditiont@te holds, andt is so
large that the system has not enough time to achieve its
equilibrium state, after the timete has elapsed; i.e., it is in a
metastable state, the defects are fixed and the DW’s move
due to the ac field. Hencex8 will be higher than when the
system is in equilibrium at that temperature, as we know
from MAE experiments@see Eq.~3!#. When we start mea-
suring a point we warm the sample andx8(T) follows the
background temperature dependence, since the system re-
mains in a metastable state. As temperature increases,t de-
creases exponentially and around 220 K the conditiont'te
is achieved. Then the system starts the disaccommodation
process towards equilibrium producing a decrease ofx8. We
propose the time evolution equation,

xdis8 ~T,t !5xdis8 exp@2t/ t̄0exp~Q̄/kBT!# ~8!

as the simplest expression to describe this process;t corre-
sponds to the time elapsed between the beginning of the
heating process for a new point and the actual measuring
time. It is, thus, the time of the transitory process while the
system is in the metastable phase.

This process implies that in the disaccommodation regime
there is a delay between the movements of the defects and of
the DW’s and, as a consequence there is an associated out of
phase component in the susceptibility. The expression for
this component is identical to Eq.~7!, with v substituted by
its characteristic frequency,ve5te

21,

xdis8 ~T!5xdis9
2vekt̄0exp~Q̄/kBT!

11ve
2~11k!2t̄0

2exp~2Q̄/kBT!
. ~9!

The total complex susceptibility may then be calculated
for each compound as

x~T!5x0~T!1xDeb~T!1xdis~T!. ~10!

Since x0, t̄0, and Q̄ are known from appropriate experi-
ments, we may then fit Eq.~10! to xac(T) experimental
curves, where onlyxDeb~T5`! andxdis are the fitting param-
eters.

We have applied this fitting procedure to the Ho2Fe14B
data because it has no other transition in the thermal range of
interest that could also contribute to the experimental signal,
and for this compoundx0 can be experimentally determined

FIG. 16. Temperature dependence ofxDeb8 andxDeb9 predicted by
Eq. ~7! for the Ho2Fe14B compound.
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from a sample with no anomaly~Fig. 5!. In Fig. 17 we com-
pare the experimental data to the theoretical curve@Eq. ~10!#
calculated with fit parametersxDeb~T5`! andxdis collected
in Table II. The agreement between theory and experiment
explains satisfactorily the existence of the anomaly at
T5235 K, and its temperature dependence, as due to mag-
netic disaccommodation of DW’s coupled to defects.

Though we observe the I, II, and III regimes, the steplike
prediction corresponding to the existence of regime IV can-
not be confirmed in this case, because it is out of the experi-
mental thermal range. The experimentalx9(T) has a broad
maximum centered at 220 K, while our prediction yields a
sharper maximum centered at 245 K. This discrepancy is
probably related to the simplifying assumption of just having
oneQ̄ value, instead of a distribution ofQ values.

Besides, Eq.~10! also predicts a second maximum in
x9(T) at higher temperatures, which cannot be confirmed
clearly with this compound, although at lower frequencies it
may be hinted~see Fig. 1!. A possibility to confirm the pre-
dicted existence of a steplike anomaly inx8(T) and the as-
sociated anomaly inx9(T) is to perform the measurements
on compounds with defect-jumps activation energy lower
that in Ho2Fe14B. This can be easily achieved using hydro-
genated compounds, since increasingx reducesQ̄ ~see Table
I!. Indeed, our data for Ho2Fe14BH3.1 ~Fig. 18! show the
expected step atT5270 K. Taking the appropriateQ̄ and t̄0
values, we have fitted the experimental curve in the four

regimes and the parameters obtained are shown in Table II.
We predict correctly the anomaly inx8(T) at 100 K, though
the experimental one is sharper. Moreover, the two experi-
mental peaks inx9(T) ~Fig. 18! are reproduced in tempera-
ture by our theoretical prediction. However, the experimental
peaks are again broader than the theoretical ones.

In order to observe clearly the transition from the adia-
batic to the isothermal regime, i.e., the step in thex8(T)
component, we show in Fig. 19 the experimental data and
the fit ~with parameters shown in Table II! of the hydroge-
nated compound with the lowestQ̄: Nd2Fe14BH3.8. In this
compound the predicted step at high temperatures in the
x8(T) component and the two peaks in thex9(T) component
are nicely observed and fitted.

This agreement between theory and experiment can be
confirmed using another family of compounds, which show
the whole phenomenology here discussed. For example, the
Sm2Fe17 compound presents the anomaly inx8(T) at around
150 K,22,25 as determined from MAE measurements. In Fig.
20, we show the experimentalx8(T) for Sm2Fe17, together
with the theoretical curve, Eq.~10!, fitted with the param-
eters of Table II andQ̄ and t̄0 taken from Ref. 25. Another
example on which data are published is the CeFe2
compound.49 The x8(T) data for CeFe2 show the same be-
havior as Sm2Fe17. In Fig. 21, we show the experimental
x8(T) for CeFe2, together with the theoretical curve, Eq.
~10!, fitted with the parameters of Table II andQ̄ and t̄0

FIG. 17. Temperature dependence ofx8 and x9 of Ho2Fe14B.
Both the experimental data~circles! and the theoretical curves ob-
tained from Eq.~10! are shown.

FIG. 18. Temperature dependence ofx8 and x9 of
Ho2Fe14BH3.1. Both the experimental data~circles! and the theoreti-
cal curves obtained from Eq.~10! are shown.

TABLE II. Parameters used in the theoretical fits performed with Eq.~10! and plotted in Figs. 17–21.

Compound
Q̄

~eV!
t̄0
~s!

k
~adi.!

xDeb8 ~T5`!
~emu/g!

xdis8
~emu/g!

Ho2Fe14B 0.70 3310213 2.00 0.003 0.010
Ho2Fe14BH3.1 0.36 3310213 4.50 0.060 0.015
Nd2Fe14BH3.8 0.34 3310213 3.20 0.025 0.010
Sm2Fe17 0.51 1.8310213 1.25 0.040 0.040
CeFe2 0.20 1310214 1.20 0.020 0.020
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taken from Ref. 49. In both cases the proposed model nicely
fits the experimental data in the four regimes commented
above. The same fit procedure may be applied to other re-
ported anomalies in thex8(T) for compounds with magnetic
disaccommodation, like the ZrFe2 Laves phase of Ref. 54.
These results show that the applicability of our model is
general to describe the behavior of the magnetic susceptibil-
ity in the presence of a magnetic disaccommodation process.

V. CONCLUDING REMARKS

The above proposed model, based on diffusion of Fe va-
cancies or H jumps and its influence on the mobility of
DW’s, have allowed us to explain the phenomenology re-
ported in Sec. III. The model lies on the assumption that
enough vacancies are produced by quenching of the melt,
and that the defects are free to diffuse by thermal annealing.
In the present work, our observation of induction of the

anomaly by annealing, and its enhancement by increasing
annealing time and temperature endorses these assumptions.
At any rate, it is well known50 that annealing and subsequent
quenching process will lead to an increase of the density of
vacancies of a crystalline solid at room temperature, and that
the defects diffuse towards homogeneity by annealing.

The main contribution to the magnetic susceptibility is
given by the response of the DW parallel to the exciting
field. Therefore, the anomaly appears mainly in the EMD,
Fig. 2, and it is reduced in height under application of dc
magnetic fields, Fig. 3. Since in thermal range I the system is
out of the equilibrium, one expects thermal hysteresis in the
anomaly, Fig. 4~a!, and a strong dependence ofx8(T) with
the cooling rate, Fig. 4~b!.

The increase in the anomaly height, caused by crushing
the polycrystalline ingot to powder~Fig. 7!, may be related
to the increase in DW’s density, due to reduction of particle
size. Indeed, when the size of a magnetic grain is reduced the
domain width decreases with the square root of the grain
thickness55 causing the DW’s density to increase, provided
the grain size is above the threshold of single domain par-
ticles size~0.1mm in these materials56!.

TheR atom plays no fundamental role in the model since
the dominant interaction is the coupling of defects with
DW’s. This explains why the anomaly appears irrespective
of R ~Fig. 9!. Rmay have influence on the activation energy,
which reflects small differences in cell parameters and inter-
atomic distances.

The reduction of the effective activation energy with in-
creasing hydrogen content reflects the progressive filling and
eventual saturation of the possible interstitial sites, where the
hydrogen may be located, as explained in detail in Sec. IV A.

On the other hand, that the actual crystal structure modi-
fies the activation energy is proven by the appearance of the
anomaly at different temperatures for compounds belonging
to different series, like theR2Fe17Hx compounds.

In short, all common features that MAE,x8(T) andx9(T)
experiments show, have been explained in terms of a phe-
nomenological model of coupled defects and DW’s, with
their relaxation time dependent on temperature through an
Arrhenius law.

FIG. 19. Temperature dependence ofx8 and x9 of
Nd2Fe14BH3.8. Both the experimental data~circles! and the theoreti-
cal curves obtained from Eq.~10! are shown.

FIG. 20. Temperature dependence of the in-phase component of
magnetic susceptibility for Sm2Fe17. Both the experimental data
~circles! and the theoretical curve obtained from Eq.~10! are
shown.

FIG. 21. Temperature dependence of the in-phase component of
magnetic susceptibility for CeFe2. Both the experimental data
~circles! taken from Ref. 49, and theoretical curve obtained from
Eq. ~10! are shown.
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