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ac susceptibility g.c= x' —Jx") of an aligned bound Sgfre;; powder sample has been measured along the
easy direction as a function of temperature, frequency, warming rate, and time. Anomalous behavior has been
found in that with increasing temperatupg, andy” increase steadily up 6~ 150 K where a drop occurs. At
higher temperatureg’ increases again, following an S-shaped curve which is accompaniedytiypaak.
Using a model two-level system for a thermally activated magnetic aftereffect pracesgexp@/kT), the
high-T x' rise is explained by dynamic wall pinning and depinning owing to local directional ordering around
domain walls withQ~0.53 eV andry~1.7x10 * s. The lowT y' peak is a consequence of domain-
structure reconstruction and involves a long-range thermally hysteretic pseudostatic wall pinning and depin-
ning process with averag@~0.42 eV andro~10 1°s. The reasons for the anomaliesyig(T) often found
in rare-earth—transition-metal alloys are extensively discu$&#1.63-18206)07721-1

[. INTRODUCTION tibility should change smoothly witfi; and(ii) x'(T) along
the c axis shows a broad asymmetric peak between 100 and
Magnetic properties of rare-earth—transition-metal base@30 K, which is unexpected since the effectieseems to
alloys have been an extensively studied subject owing t¢hange smoothly in the entire temperature range.
their possible large spontaneous magnetizalilrand mag- ~ Similar peaks or plateaus have also been observed in other
netocrystalline anisotropy, which have brought some of theninaterials, such as Hé&e,B, Pr,Fe;,B, Nd,Fe;,C, and
into practical applications as high-performance permanerd2Co1,B.%4°° (iii) In some materials, Hd e ,BH, and
magnets. Although their high-field dc properties are moreSMzFeiHy, there exists a roughly symmetrje (T) peak
important from the applications point of view, the low-field @round certairiT. e (iv) In some alloys, EzCo,7 and Tm
ac susceptibility .= x' —jx”) technique has recently been 2C917v the anomaly E;S shown by a Sh_arp risexih accom-
applied to such materials. This is because the anisotropy cof@nied ,by ax” peak?” (v) Many.ma.te?als Shor‘,"’ an asym-
stantsK; (i=1,2,3) of these materials often show unusualmft'ecx)t(eE;?Vge?ek\/{g\lllvo‘gﬁdtﬁg aSlrJI;jeetlg W"’;nsdrz)é eﬁtelikhade 0
tgmperaturai4—300 K dependen_ce, a%c can begconve- Ref. 16, which concluded that the physical origin of the
nient probe of changes iK; owing to direct relations be-

tween domain-magnetization-rotatigpMR) susceptibility, ﬁggrgzgisgre On;g;needdimﬂseﬁiggtz?ggh various interpretations
Mg, andK;. K; can even change sign at a certain tempera- We have discussed possible reasons for the tipe

t.Ure, Causllr]g a rotation of easy direction a.t.a. S_pln reorlentaénoma|y§ Type (lll) is Complicated since interstitial hydro-
tloq transition(SRT). 'ActuaIIy, the early m.ot|vat|on for ap- gen atoms may take a part in the process. In this work, we
plying the x,. technique to these materials was to probechoose to study a typical example of ty{s, Sm,Fe;;. The
SRT!? reasons are multiplgl) There is a renewed interest in this
However, there can also be a contribution xg. from  material after a discovery that the addition of interstitial ni-
domain-wall displacement®WD). When this contribution trogen could dramatically increase the Curie temperature and
is not negligible, the situation becomes complicated, sincehange the easy direction from tlad plane to thec axis,
factors other tha ¢ andK; will play a role. Thus, different  which is essential for high coercivity. (2) Type (v) of
types of anomalous temperature dependenceyffhave  anomaly is a more complete one than tyfigsand(iv); type
been reported in the literature for these matefiat§. (i) may belong to typdv) if the temperature is extended
Xac IS considered anomalous when a relatiorKiaccannot  above 300 K, while typdiv) can be regarded as tyf®)
be found, even after classical technical magnetization theowhen its first stage is abseri8) There are more publications
ries for DWD susceptibility have been taken into account. Inavailable for this materid®*?!% including a quantitative
Ref. 3, having derived necessary formulas for susceptibilitiestudy on the time-varying nature gf,..%
owing to DMR and DWD, we analyzed thg,. data of a We have measureg,. under different conditions, and
spherical NgFe 4B single crystal, which has a conical to tried to obtain as much quantitative information as possible
c-axis SRT at~130 K. We have found the following(i) on domain-wall dynamics using phenomenological models.
x' at 8 A/m and 10 Hz or 80 A/m and 1 Hz measured alongWe will show that there are two distinct processes, dynamic
the ¢ axis shows a sharp high peak at 127 K, where DMRdomain-wall pinning and depinning and domain structure re-
susceptibility should be very close to zero and DWD suscepeonstruction with pseudostatic wall pinning and depinning,
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that result in the typév) anomaly. The analysis and discus- 10—
sion of the two processes provide some physical concepts L (a) _
and mathematical tools which will be useful for understand- sl |
ing of the various types of,. anomaly. )
6l .
Il. EXPERIMENTAL - ] ]
An ingot of SmyFe;;, prepared by arc-melting and sub- 4 7
sequent annealing at 1050 °C, was pulverized to a fine pow- L .
der by ball milling for 15 min in cyclohexane. The powder sl b
was sieved to have particle sizes between 10 andrh2The i i
particles were roughly spherical. There was only a single ol v
phase as shown by the x-ray diffraction pattern, without any 80 140 200 260 320
trace of a-Fe or other additional phases. The powder was T (K)
mixed with epoxy in 1:8 mass ratio, formed into a cylinder, 15 -
aligned in a magnetic fieldf@ T during solidification, and (b)
then removed from the mold. Two samples of 3-mm diam- ok i
eter and 15-mm length were thus made with the easy direc- '
tions of particles aligned along the length and diameter, re-
spectively. X-ray data showed that theaxes(magnetically o 09r 1
hard directionsof particles were perpendicular to the align-
ment direction and randomly distributed about it. 0.6 - 1
The realy’ and imaginaryy” components of the complex
ac susceptibilityy,. were measured using a mutual imped- 03 L i
ance bridge. After cooling the sample from 300 K+@&0 K
in zero field, an ac field of amplitudel ,=113 A/m was 0.0 ﬂ4 L
applied along the long axis of the sample. Three experiments 80 140 200 260 320
were made for the longitudinally aligned sample as follows. T (K)

(1) Temperature and frequency dependengg: at f=10,

33.3, 111, 333, and 1000 Hz was measured periodically dur- FIG. 1. ' (@ and x" (b) as functions of temperature for
ing warming with an averaged ratsT/dt~0.08 K/min. (2) f=10, 33.3, 111, 333, and 1000 _Hz measure_d du_rl_ng warming with
Warming-rate dependence: two runs of measurements wefé' a"erag,ed rate of 0.08 Kimiri. can be identified from the
done withdT/dt=0.1 and 1 K/min, respectively, arii=5  >-Shaped’(T) and they"(T) peaks wherT>200 K; they shift to
and 111 Hz(3) Time dependence: for each run, after coolingh'gherT at greaterf.

from 300 K to~80 K, T was quickly increased to a given  Similar behavior is seen for other values @/dt. A
value, 150, 155, 160, or 165 K, at which data fer111 Hz  comparison betweedT/dt=0.1 and 1 K/min is given in
were taken in steps of 15 s or 30 s upt®00 min. Only the Figs. 2a) and 2b) for f=5 Hz. We see that a tenfold in-
first experiment was repeated for the transversely alignegrease indT/dt extends the temperature range for the first
sample. rise in ' and the firsty” peak, but has less effect on the
For calculatingy,c, the sample volume was determined 5_shapegy’ segment and the second peak.
by the mass-density technique using the net mass and x-ray |n Fig. 3, we show they’ decay with timet at constant
density of SmFe;; powder. No demagnetizing corrections T around the firsty’ maximum. The decay &= 155 K is
were performedthe demagnetizing factor was about 0.07 mych quicker than af =150 K. For higherT, the total
change iny, with t is small.

lll. RESULTS
IV. MODELS
Since no pronounced anomaly has been detected for the

transversely aligned sample, we give the results for the lon- A. Time constant

gitudinally aligned sample onlyy’ and x”, measured at To understand the above results concerning temperature,
Hy,=113 A/m andf=10, 33.3, 111, 333, and 1000 Hz dur- frequency, time, and warming-rate dependencg gf phe-

ing warming withd T/dt~0.08 K/min, as functions of tem- nomenological models are necessary. For our sample of
peratureT are given in Figs. @) and Xb). We see that with  small particles at a maximum frequency of 1000 Hz, eddy-
increasingT from 87 K, x' increases linearly up to 140 K, current damping is negligible. All time-varying phenomena
where a rounded maximum occurs. There is a rapid decreaséould be due to structural relaxation, i.e., due to rearrange-
in x" between 150 and 160 K, after which it shows a broadments of atoms. We use the popular model of a two-level
minimum and rises again following an S-shaped curve. Corsystent® for the thermal activation process, which results in
responding to the two rises ip’,x"” shows two peaks and a single time constant for the time-varying properties at a
falls to zero in between. Frequency dependence is found igiven temperaturd .

the high-temperature S-shapgtisegment ang” peak; they The two-level model for the elementary relaxation events
shift to higherT for higher f. All this agrees well with the (such as atomic jumps and domain or domain-wall move-
data reported in Refs. 10, 12, and 15. ments, see belowfrom the high- to low-energy level gives
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] FIG. 4. Parallel(a) and serial(b) equivalent circuits of the
5, sample.

L, and resistanc®, are connected in parallel as shown in
Fig. 4(a), like the case of classical eddy-current damping in
its low-frequency limit:>?° The relation betweeh, and M
and H can be found by assuming a long same that
005 140 500 560 720 dem.agnetlzmg effects are negligiplef lengthl an_d Cross-
T (K) sectional ared, surrounded by am-turn soIenolld of Fhe
same length. Applying a dc currehto the solenoid, a field
FIG. 2. y’ (a) andx” (b) as functions of temperature fér=5 IS produced by it as
Hz with warming rates of 0.1solid lineg and 1 K/s(dashed lines

H=NI/I. )

7= 10X Q/KT), (1) In this caseL, corresponding to the fluy, produced by

whereQ is the activation energy, which is the energy barrier™ Of the sample is calculated as

relative to the high levelk is the Boltzmann constant, and L =®y /= uiN2AM/IH = 3
7o is the preexponential factor. pmEmMI T Ko X de: @
whereq= uoN?A/l and y4=M/H is the dc susceptibility.
B. Aftereffect of magnetization R, is calculated fromr andL, as

At a fixed 7 and if the time-varying properties are mag- Ry=Lp/. 4
netizationM and field H, the problem can be treated in
terms of an equivalent circuit, in which constant inductance For such a circuit, upon a stepwisechange froml ; to
I, the current | flowing throughL , will change froml, to
1 K ' . . . ' . ! I, exponentially with time constant. Equivalently, a sud-
denH change fromH; to H, will result in an exponential
M change fromM, to M,, becauseM is proportional to

. I :
b M:(I)M/,MoNA:LplL/,LL()NA (5)

] This is indeed the phenomenon of magnetization aftereffect.
In an ac field of amplituded,,, using complex expres-

R sions,M* =M,/ (“'=9 andH* =H,el*!, for time-varying

- - M andH, y,ccan be expressed as

4(‘)0 6(1)0 I BCI)O I 1000 1 — H* 1 _'_L”, (6)

t (min) Xao M* X_,; Xp
FIG. 3. Time dependence gf atT=150(solid line), 155(ong ~ Where two components of,; are defined from the equiva-
dashed ling 160 (short dashed line and 165 K (dotted ling.  lent circuit as
Points on the first two lines indicate the time for hglf decay at ,
T=150 and 155 K. Xp=Lp/aq, (7)
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Frequency increasing

0 Xo XotX's

[ (b)

FIG. 5. Idealy” versusy' plot for y,c having a constant com-
ponenty, and frequency-varying components and ya. 0.01

T T T
b 11030

7 (s)

Xp=Rp/qw. (8)

Simple impedance calculations lead to another pair of com- 901
ponent susceptibilities for an equivalent circuit of series con-
nectedL; andRg [Fig. 4(b)], defined by

T T T T

dod L L1 E]

Xac:Xé_ng:Ls/q_sz/qw- 9 0.0001 . ' ' !
] . 70.0034 0.0038 0.0038 0.0040 0.0042
These two pairs of component susceptibilities have the fol- 1/T (1/K)

lowing relations:

FIG. 6. (a) Semicircular data fits fof =240 (O), 250 (1),
Xe=Xpl 1+ (xplxp) 21 1= xp[ 1+ (07)?] 7L, (100 260 (+), 270 (x), and 280 K @). (b) 7 versus 1T obtained from
(a).

"n_ M + " 2 —1: ! + -1 —1.
Xs = XpL 1+ 0 xp)'] Xplor+ (o) ] v and 280 K only, wherey” increases remarkably with de-
From Egs.(10) and(11) we see that althougjafﬁ)(dC does creasingf. The x” vs x’ functions for T=240, 250, 260,
not change, botly, and x. change simultaneously with fre- 270, and 280 K obtained from the data given in Fig&) 1
quencyf = w/27. Changingw from 0 tow, x7 as a function ~and Xb) are plotted in Fig. @). We can see that not less
of x. is a semicircle. In the literature, the low- and high- than three data points on the highside always fit on a
limits are often called the isothermal and adiabaticSemicircle, consistent with the model of a constamit each
susceptibilitie$! If there is a frequency-independent non- value ofT.
zero real componeny, in the actualy,., then an inductance ~ We further calculater from each pair ofy’ andx”, writ-
Lo should be connected to the above equivalent circuits, a¢n as7’ and 7", that is located on the fitting semicircle
shown in Figs. 49) and 4b), and x” as a function ofy’ is  USIng

shown in Fig. 5.
9 7' =\xp/xi—1/2mt, (12
C. Aftereffect of y on TN
ac 7'=[xpl etV (xplx0) >~ 41/ 4t (13

In the above model, increasingr from 0 to © makes
x' decrease fromyo+ x;, 10 xo, and makes” increase from ~ derived from Eqs(10) and(11). In these equations,
0 to x,/2 and then decrease to 0. We can study the observed -
frequency dependence based on this model. Xs=X

If w1, we should always havg,.= xo.- This is in .
contradiction to our results for the time and warming-rate Xs=X ~ Xo- (15
dependence. Therefore, another model is necessary for the 54 7 for different values ofl and f. calculated from
aftereffect ofy . itself. In this moqlel, thg behavior gf, will Egs. (12—(15) using the measureg’ and y” in Figs. 1a)
be the same as that ofl descnbeq in the model of the 4ng 1b) and the fitting parameteng, and y/,, are listed in
magnetization aftereffect. The physical meaning of these tWg 1o | \we see that most pairs of and r”pare in a good

aftereffects will be described in Secs. VI B and VI C. agreement and their average has a weak frequency depen-

(14)

V. DATA ANALYSIS TABLE I. 7/,7" (m9) for different values ofl andf.

A. Temperature and frequency dependence o 10 Hz 33.3 Hz 111 Hz 333 Hz 1000 Hz

According to Eq(1), 7 is constant at a givel. Since the 240 K 23.9, 24.3 24.4,24.7 28.9, 24.2

T- and f-dependence measurements were made in the sameo K 8.77,8.90 8.59,8.42 5.54,8.34

run with periodically changindg, differentf at a givenT 260 K 3.77,3.80 3.64,3.24 2.28, 3.08
corresponds to the same process. Thus, it should be possilideg k 1.49,1.53 1.32,1.29 1.13,1.18
to treaty” vs x' data using Eq910) and(11) for each value 230 k 0.83, 2.56 0.61, 0.64 0.53, 0.53

of T. Actually, the treatment can be made fobetween 240
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dence at each temperature. Therefore, the model of magn&equency, time, and warming-rate dependences. From them
tization aftereffect is satisfactory for a major part of the we see a general rule that a small@rcorresponds to a

dependence.

greaterrg.

Applying a standard data treatment, we obtain an average It is well known that7,~10 2 s is characteristic of a

7 for each value ofl with a standard error. The resulting
vs 1/T function is shown in Fig. @). A linear fit according
to Eq. (1) gives 7,=1.7x10 ¥7%6 5 andQ=0.53+0.03

Debye process. Therefore, thg. change withf should be
related to thermally activated individual atomic jumps of
very short range; an elementary process is accomplished by

eV. Note that the orders of signs for both errors are oppositene or few atomic jumps. For the other two changes in

since they are actually correlated.

B. Time dependence

We see from Fig. @) that not all five frequency points
for the sameT can be fitted by the same semicircle, which
means that the simple model can only partially account fo
the data. Similarly, the results for time dependence given il?r

Fig. 3 are not exponential, so that the modekgf aftereffect

is only approximately valid too. In order to have an estimat
for 7o andQ, we use the time wheg’ changes as half of the

total change to represent Since they’ vs t curve at
T=155 K is more complete, we use it to obtain the hglf
change, and assume it to be the sameTerl50 K. This
givesT;=150 K, 7y=7740 s andl,=155 K, 7,=2820 s.
They are substituted in Eql):

T1.2= To€XP(Q/KTy 5), (16)
whose solutions are
Q=k|nﬂ(i—i):0.4o ev, (17)
\T1 T
To=m1€XP(—Q/KT;)=2.9x10 10 s, (18

C. Warming-rate dependence

To obtainTy andQ from the warming-rate dependence is
more complicated, since bothandt change simultaneously.

r

Xac» To IS two or three orders of magnitude greater. This
implies that an elementary process is related to a series of
many successive atomic jumps, i.e., involves a long-range
atomic movement.

If a process has to be accomplished in one atomic jump,
Q should be greater since it has no opportunities to choose
an easy way. On the other hand, if there is a long way to go
om the starting to ending point, each atom can easily
choose an easy direction to jump, so that the aver&yésl

Sower. The rule mentioned above has thus been justified.

B. Directional ordering

In the phenomenological model described in Sec. IV B,
we have assumed a magnetization aftereffect with a single
time constant-. Having estimated the, andQ relevant for
the temperature and frequency dependence, we can now dis-
cuss its physical basis. The aftereffectMfupon a sudden
change inH is a classical phenomenon in ferromagnetic
materials??> The effect occurring here should be the Richter
aftereffect with a relatively narrow and strongly temperature-
dependentr spectrum.

The mechanism of such an aftereffect was studied 40
years ago for substitutive and interstitial solid solutiéHg?

In general, there is a thermally activated directional ordering
of like-atom pairs or interstitial atoms with respect to the
lattice. This ordering is induced by spontaneous magnetiza-
tion Mg at relatively highT, accompanied by an induced

The procedure we have applied is as follows. An average§niaxial anisotropy with easy axis alorig,. In the time

Q is obtained as

Q=K In10A1/T;—1/T,)=0.45 eV, (19

scales of usual experiments, the like-atom pair ordering often
occurs atT>700 K, resulting at zero field in a Perminvar

magnetization behavior, which is characterized by a high-
field wasp-waist hysteresis loop and an extended low-field

whereT,; =157.2 K andT;=168.8 K, being the temperatures |inear initial curve, after cooling, while the interstitial atom

for the half change of’ atdT/dt=0.1 K/min and 1 K/min,
respectively. This equation is obtained from Ef). consid-

ordering can occur even below room temperature. The con-
cept of directional ordering was developed in the study of

ering 7,/7,=10, which is a direct consequence of the 10-3morphous alloys, where intrinsic chemical and geometrical

time difference between botthT/dt's. Similar calculations
made for they’ maximum and minimum lead t®=0.48
and 0.42 eV, respectively. Thus, we haye-0.45+0.03 eV
for the entire process.

With these values ofQ, we apply Eq.(1) again for
dT/dt=0.1 K/min and the average temperatutasT) and
times (as 7) for the first and second halves gf change.
This gives7,=2.2x10 12 s and 2.% 10 1% s for the first
and second halves. Thus, the averaggd2.5x 10" 11" 11 g,

VI. DISCUSSION

A. Activation energy and preexponential factor

The data analysis in Sec. V gives three pairsQofand
70, 0.53 eV and 1.¥10 *s,0.40 eV and 2,810 °s, and

short-range ordering exists within clusters accompanied by a
local uniaxial anisotropy. Owing to the richness of free vol-
umes, the easy axes of the clusters are easier to align, so that
the aftereffect becomes more pronounced, occurring at lower
T.273%|n the present material with a complicated rhombo-
hedral structure, in which many stoichiometric vacancies
exist® smaller Fe atoms are easy to move through the vacan-
cies, so that the directional ordering can occur below room
temperature.

It is well known that the domain wall is a region across
which spins(elementary magnetic momeitshange direc-
tions gradually owing to a compromise between magneto-
crystalline anisotropy energy and exchange energy. The easy
direction of the developed local induced anisotropy within a
static wall in zero field coincides with the direction of the

0.45 eV and 2510 ' s, for the temperature-and- spin, and this results in an extra potential superimposed on
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the initial pinning potential well resulting from other fixed through the resistancks=0, and the situation is just like
sources, or an extra pinning force against the wall movethis; sinceL, andR, are parallel, and the voltadé across
ments from its equilibrium position. Thus, if applying a R, is the same as that acrokg, which is zero sinceJ
small field from time to time during directional ordering to «dl, /dt=dM/dt=0. The maximum retardation occurs
measure susceptibility, one will see the susceptibility dewhen the wall passes its central position with a maximum
crease with time elapsing owing to the development of extravelocity andM =0. This is also consistent with the parallel
pinning. This is a kind of magnetic aftereffect, namely sus-equivalent circuit, since at this moment, we hdye=1 and
ceptibility disaccommodation. the whole applied fielH is used to balance the maximum
pinning force. The validity of the parallel equivalent circuit
) o o leads to the validity of all the equations in Sec. IV B.

C. Dynamic wall pinning and depinning The parallel equivalent circuit is not valid if the measur-

In comparison with the case of zero field, the directionaling time at each frequency is not much greater thahiow-
ordering in a small ac field is different. Since the domainever, we can have a simple case whers>1. Although this
wall vibrates within a pinning potential well, the directions circuit is not valid in this case, we still hayg’=0 because
of spins within a certain distance greater than the wall thickthere is no retardation for the wall resulting from a pseudo-
ness are changing periodically with time.##1/7, 7 being  Static extra potential well at such a high frequency. Thus,
the time constant for directional ordering, then the atomicwith developing the directional orderings,.=x’ can be
jump cannot follow the instant direction of the spin, andused to probe the strength of induced anisotropy at each in-
instead, it tends to jump according to the time-averaged distant, which is somewhat lower than that of the zero-field
rection of the spin, resulting in a shallower and wider extracase as explained in Sec. VI B. This is the physical basis of
pseudostatic potential well, which has the same bottom a#ie model of they, aftereffect.
the initial potential well, and gives rise to a weaker extra Actually, the singler model of x . aftereffect is approxi-
pinning compared to the case of zero field. Like the zeroimate. A better approximation should be the l/aftereffect
field case, such a wall pinning develops with timeand as studied in Ref. 8, since the directional ordering results in
reaches its maximum wher> 7. an induced anisotropy which is proportional to¢J/. If the

We now inspect the frequency dependence at a fixed time-varying part is small compared with the fixed part of
assuming the measuring time at each frequency to be muctusceptibility, the two aftereffects will give similar results.
greater thanr. At all values of frequency, there is a fixed In summary, owing to local directional ordering with time
common initial pinning potential not due to directional or- constantr and resultant local induced anisotropy, the moving
dering, and the frequency dependence results from the extall in the ac case is subjected to an extra pinning force
potential well of directional ordering. llb<1/7, the local  resulting from an extra potential well. If the measuring time
directional ordering can be fully developed in each spin conis much greater tham and whenw<1/7, the well can catch
figuration. Thus, the bottom of the extra well will always up with the wall movements so that no extra pinning force is
coincide with the wall center during wall movements, and noexerted on the wall. Whem<1/7, the well is pseudostatic
extra pinning force is exerted on the wall. On the other handgo that a maximum extra pinning force will act on the wall.
if w>1/7, the extra potential well is pseudostatic as de-In all the intermediate cases, there is an extra pinning force
scribed above with the same bottom as the initial well.retarding the wall movements. Its effect can be expressed by
Therefore, the extra pinning force takes its maximum valuethe parallel equivalent circuit, witly”=0 in the above two

Complicated situations occur whanr is not very far limits. These situations altering withr are referred to as the
from unity. In this case, the local directional ordering candynamic wall pinning and depinning. If the measuring time
neither catch up with the wall movement as where1/r  is much less tham andw> 1/7, then the wall is always in a
nor tend to point in the time-averaged spin configuration agpseudostatically pinned state, apg.= x' can be a quantity
when w>1/7, and the easy directions of the local inducedto probe the process of directional ordering.
anisotropies always lag behind the instant spin directions. In
other words, there is a position delay of the moving extra
potential well to the moving wall.

Investigating the process more closely, we will find that ~With the above ideas of dynamic wall pinning and depin-
the wall velocity during ac magnetization is not constant, andning, the observed temperature and frequency dependence
it takes a maximum value when the wall passes the equilibcan be explained as follows. It is directly related to DWD at
rium central position and is zero when the wall reaches théow ac field when domain walls vibrate within their pinning
two extremes. These facts will justify the choice of the par-potential wells. It is related to elementary processes of single
allel equivalent circuit given in Sec. IV B. atomic jumps, so thaty~10 '3 s. IncreasingT will de-

The simplest equivalent circuit should be a connection ofcrease 7 quickly according to Eq.(1). Therefore, the
an inductance and a resistance, both of which express tHeequency-dependent” and y’ occur in a certain tempera-
effect of wall displacement and its retardation by the delayedure range, where 7 is comparable with 1. At any giveh
pinning well, respectively. We argue that a parallel connecvalue, we haves7>1 at lowT, so that the walls are tightly
tion of L, and R, satisfies the physical requirements. Be-pseudostatically pinned having a low and zeroy”. With
cause the wall velocity is zero when it reaches the extremeiicreasingT, o7 decreases to values not far from 1, the
(at positive and negative maximuM), the extra well can dynamic depinning occurs, so thgt increases ang”(T)
follow the wall so that no extra pinning force is exerted onpresents a peak. A highdrwill delay the decrease abr
the wall at any frequency. This requires the current flowingwith respect toT, so that they’ rise andy” peak shift to

D. Temperature and frequency dependence
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higher T at higher f. With directional ordering, such an sameT, and this can only be explained by a sudden DSR

anomalous temperature and frequency dependence has bemming to a sudden change i (<K3), since the behavior

observed in all the rare-earth—transition-metal alloys thats against the classical theory of technical magnetization,

show anomalies of type@v) and (v). which would predict a sudden rise i’ opposite to the
observed anomaly.

E. Domain structure reconstruction

Sincewr is always much greater than 1 at lowkin the F. Thermally hysteretic wall pinning and depinning
experiments at audio frequency’, should decrease continu-

ously (though very slowly with decreasingl’ owing to the 5y \warming-rate dependences of the low-temperature
Xac aftereffect. So why doeg’ increase to a maximum at anomaly are different and are 2016° times greater than
T~150 K? We believe this to be caused by a domain struCgna¢ derived from the frequency dependence of the high-

ture reconstructiofiDSR). temperature anomaly. This indicates a complicated process

The main reason for domain structure to exist in a fe”o'occurring at~150 K.

magnetic body is to minimize magnetostatic energy. A COM- e highT process is simpler since domain walls are Vi-
promise between the wall energy and magnetostatic energyasing hut not traveling. The local directional ordering re-
determines the actual domain structure. The wall energy derb'uires one or few atomic jumps to change the orientation of
sity yg is proportional toyK ¢, WhereK is the effective  Fe_atom pairs. The process is thermally reversible also, since

magnetocrystalline anisotropy constant. Since,Be3; has  the wall movements are within a potential well of fixed po-
a rhombohedral structure with an easly plane, the domain gjtign.

As mentioned in Sec. VI Azy's derived from the time

wall will preferably lie parallel to this plane so thKt and The low-T process is different. To understand the differ-
ye can be smaller. Using ence we have to describe the DSR process in more detail as
follows. The decrease in the wall number occurs when the
Ey=K;si? 8+ Kysin* 0+ Ksir' 6 cosée (200  domain sizes increase and the walls move outwards from the

particle center. The outmost domains and walls are disap-
for the anisotropy energyKes should be proportional to pearing successively during the process. On the other hand,
Ksz. Thus, if K3 changes rapidly af~150 K, yg will  the increase in the wall number involves inwards wall move-
change accordingly. An increager decreaseof yg requires  ments and the creation of new domains and walls on the
a decreasdor increasg of the total wall area, and thus a particle surface. Both processes are irreversible since during
smaller(or greatey number of walls to compromise the static the long range wall movements and domain creations poten-
energy. Therefore, some walls will tend to move out@f tial barriers of wall pinning and domain nucleation must be
into) the particles even without applied. overcome. Thus, DSR’s during cooling or warming cannot

Since no data oi3(T) are available for the present ma- occur at the same temperature whe¢g shows a rapid

terial, we assume reasonably th&f increases rapidly with change, i.e., the DSR is thermally hysteretic; DSR during
decreasingT through 150 K. With this assumption, the cooling should occur at lowéF because of the impedance of
anomaly can be explained as follows. With decreaSing  extra pinning potential wells upon the moving walls, whereas
~150 K, the walls are pseudostatically pinned tightly, asDSR during warming should occur at highErowing to the
explained in Sec. VI C. A smaK; change is not enough to domain nucleation barriers. In fact, a 2—4 K difference for
depin them, and only when a sharp increas&jnoccurs at  the low-T anomaly has been found for the longitudinally
~150 K so that the total wall energy increases to valuesligned sample between warming and cooling. Sudhdif-
enough to overcome the effects of pinning potentials, will aference was also reported for e, ,B.56
DSR take place. The depinned walls are easy to move since Actually, the elementary events in this case are not easy
pseudostatic wall pinning to the new walls develops veryto define. For the irreversible wall movements and domain
slowly owing to a greatr at decreased, and this corre- nucleations, they should be the movements of the wall or
sponds to a rise iy’ during cooling in spite of the decreased domain as a whole, but considering the directional ordering,
wall number. When the sample is warmed again, anothewhich occurs during the DSR, they should be the atomic
DSR occurs accompanied by pseudostatic wall pinning witjumps. Incorporating both together, we can explain the large
7 comparable to the experimental time, so thatecreases. 7, as follows. During the DSR, the walls must move for a
Thus, the DSR and pseudostatic wall pinning and depinningather large distance. If the average distance is as large as 1

explain the general feature of tHedependence of’. wm, which is more than TOatomic distances, then a 310
We can find two examples from the literature to supporttimes greatetr, than the Debye process is possible.
the above idea of DSR. In Ref. 3 for a hiEe,B single The big difference inry between the time and rate depen-

crystal with an easy axis, the anomaloug’ rise with de-  dences may be related to the difference in starting and ending
creasingl occurs at 230 K, and one can see a rapid increasstates of different runs of experiments, since the cooling rates
in Keg=Kq+K,—|Kg| from constant 6.4 MJ/rhabove 250  were not controlled and they should be an important factor in
Kto 7.8 and 9.0 MJ/m at 215 and 175 K, respectively. Such the thermally hysteretic process. The difference can also be
a K increase could force the pinned wall to depin so that ainderstood in a similar way to that described in Sec. VI A. In
DSR takes place at 230 K. In Ref. 9 for D§0,7 samples the time dependence experiments, the ending state for each
with an easy basal plane, the crystalline anisotropy on th& is fixed and the relaxation develops for a long time, so that
easy plane disappeark{—0) at~160 K with warming. In  the atoms can find easier directions to jump and this corre-
accordance with this, there is a very sharp drop at the sponds to a smalle and greaterry than those in the rate
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dependence experiments, where the target state for the relagvant to an understanding of the ac susceptibility. Our main
ation is changing with time sincké; is a function ofT and  efforts have been put on the applications of existing knowl-
the atoms have to adjust the jump directions accordingly anddge to experimental phenomena, although the concept of
reach the final state in a short period. Owing to this complexDSR may be new.

ity, we take the average results obtained from two experi- e find that a commonly accepted idea that a SRT is not
ments for the pseudostatic wall pinning and depinning prothe origin of they,. anomalies dealt with in this paper since

H ~~ ~ —10 . .
cess, i.e.Q~0.42 eV andrg~10""s. they are not related to the sign change&in. Moreover, two
previous works are relevant to the understanding of the
G. Other influencing factors anomalies. Sartorelli and Kronitter® studied the 1y 4. af-

he d . d d th v h . tereffect for the same material in a certdimange and found
The dynamic(or pseudostaticand thermally hysteretic -y 1he maximum effect occurred near the temperature

waI_I pinning and ermmng together. with DSR have €X“\where the lowF anomaly was observed. They therefore con-
plained the essential part of our experimental data. There are . L
some other phenomena that are worth commenting on. nected the lowF anomaly to this aftereffect which is related

. . . - - 9
As shown in Figs. 1 and 2 at lower temperatures, ato the relaxation of stoichiometric vacancies. Ketal.

¥"(T) peak accompanies @' (T) peak without frequency compared the_measure@c(T) and high-fieIdM(T) curves
dependence. This is in contrast with those at high temperg2f Polycrystalline and monocrystalline Rgo,; samples.
tures, where a”(T) peak accompanies g’ rise with a They found that they .. minimum was afT~160 K where
strong frequency dependence. The [Gwonzeroy” should the basal plane anisotropy disappearét0) with in-
be ascribed to magnetic hysteresis effect. The reason wh§reasingr. Thus, they connected the anomaly to the intrinsic
x"=0 at highefT is that the walls are tightly pinned by local parameterK; based on classical technical magnetization
induced anisotropy, and they can only vibrate reversiblytheories.
within the pinning well atH,,=113 A/m. WhenT is lower, Our explanations are a development of these two interpre-
some walls that have been pinned by local induced anisotations. In our opinion, the ¥/ aftereffect at lowefT stud-
ropy move to new positions after DSR become depinned atd in Ref. 8 reflects the physics in the highy,. anomaly,
the sameH,, since local anisotropies corresponding to theso that the values,~3.6x10 ' s andQ~0.50 eV they
new domain structure do not have enough time to induce. Asbtained are very close to those determined from our fre-
a result, irreversible wall movements take place gfid-0.  quency dependence data at higierThis is because their
If this is true, x” in low-T region should be able to be re- experiments were performed on ac demagnetized samples so
duced by decreasing,,,. that DSR took place artificially before each measurement.
In the above, we did not discuss other sources of pinningifter the DSR, the walls are pinned around fixed positions
besides local induced anisotropy. Sources like inclusionsyithout traveling, and the atomic process is the same as that
stresses, and particle boundaries generally exist, and if the#rctually occur at highr without DSR, i.e., the local direc-
effect on domain mobility is dominant then the anomaly ow-tional ordering. Therefore, if one can study directly the wall
ing to the reasons we have discussed will be negligibledynamics by the frequency dependence at higherits
Moreover, the strength of those effects is always propormechanism can also be studied by fhe (or 1/y,) afteref-
tional to yg or VK and therefore, the anomaly should fect at lowerT.
mainly occur in aT region with smallei . In contrast with the explanation given in Ref. 9, we have
Studying the anomalies, the authors of Refs. 6 and l@ttributed the lowF anomaly to both a postulatdéd; change
reported a very interesting annealing effect: some sampleand a magnetic aftereffect. As already explained in Sec.
did not show an anomaly in the as-prepared state, but th€l E, the observedK; change in DyCo4; will result in a
anomaly was induced by annealing. This annealing effecthange iny,. opposite to that at the observetbw-T)
can be partially attributed to the reduction of other pinninganomaly if classical theories are used; only when both the
effects. If the annealing does not remove the stochiometri©DSR and magnetic aftereffect are considered, can the ob-
vacancies, then an enhanced anomaly will be observederved anomaly be explained.
However, if it removes the vacancies, there would be an It is interesting to look for they’(T) curve that corre-
opposite annealing effect, i.e., it eliminates the anomaly. Acsponds to the case without an anomaly. Since according to
tually, some samples were prepared using our powder aftehe above ideas the anomaly will disappear if there is no
evacuating at 350 °C for 50 min, and the results showed anagnetic aftereffect, this normgl (T) should be one whose
disappearance of the anomaly. low-T and highT portions coincide with the lowW-curve in
Recently, the effect of hydrogen content gg. of this  Fig. 1(a@) and whose middle part is an interpolation of both
material has been studied in det}illt seems more logical between 140 and 280 K. This curve should also have small
that the vacancy movements are through hydrogen atontSermal hysteresis owing to many small DSR’s with chang-
rather than iron atoms; the former are much smaller and eadpg T.
to jump around at low temperatures. If so, the annealing Itis also interesting to compare DSR with SRT. The latter
effect can be attributed to the reduction of hydrogen contenis mainly related to the sign change iy and results in a
thermally reversible bending point in the DMR susceptibility
vs T curve. The former is related to a rapid changeKig
(K5 for materials with an easy plaphand results in a ther-
Here we have studied a typical rare-earth—transition-metahally hysteretic DWD susceptibility decrease with increas-
alloy and tried to describe concepts and mathematics reing T.

H. Further remarks



15022 D.-X. CHEN, V. SKUMRYEYV, AND J.M.D. COEY 53

Incorporating DSR, SRT with magnetic aftereffects andFe atoms. This process has a very short range, with
the effect occurring ak,;=0 studied in Ref. 3a special Q~0.53 eV and7y~1.7x10 1% s. A separatey’ peak
kind of field induced DSIR most phenomena observed in around 150 K is ascribed to domain structure reconstruction
rare-earth—transition-metal alloys can be basically underwhich is related to a change in the in-plane magnetocrystal-
stood. However, there are still problems that need to be studine anisotropyK ; and thermally hysteretic pseudostatic wall
ied further. These include, for example, how one can defin@inning and depinning. This is a long range process with
the elementary events in DSR and study more properly th@~0.42 eV andr,~10 1° s. Anomalies ofy,. in many
relaxation process, what the origin is of the anomaly of typerare-earth—transition-metal alloys have been explained either
(iii) in the compounds with hydrogen, and why a warmingby intrinsic properties or by extrinsic defects alone. Our
rate dependence is also shown in the highegion (see  work on the typical example of Sgire;; shows anomalies
Fig. 2). which are intimately related to both the intrinsic crystalline

anisotropy constants and the extrinsic defect structure.
VII. CONCLUSION

We have measured the complex ac susceptibility of an
aligned sample of Sgpie,; powder in the temperature range
where anomalous behavior occurs. The anomalous rise in We are grateful to Stephen Brennan for help with some of
x' accompanied by g” peak atT>200 K is explained by the measurements and to L. M. Martinez for his help in ex-
dynamic domain-wall pinning and depinning, which is a con-periments. The research was partially supported by the Eu-
sequence of thermally activated local directional ordering ofopean Brite/Euran Program.
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