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Two abnormal magnetic phenomena, i.e., the low-field peak in the second derivative of magnetization and
the temperature evolution of four kinds of magnetization processes in a sequence of -Ngumaal-FOMP
— SOMP— FOMP (FOMP and SOMP stand for first- and second-order magnetization processedserved
experimentally in a compound £yNd,Fe;;Ti. An experimental procedure is developed to overcome the
difficulty of distinguishing these phenomena. The mechanisms behind these phenomena are also discussed,
which are consistent with the predictions of the theoretical calculations of one- and two-sulfileticeample
models based on the mean-field theory. The systematical study of our previous work on the two-sublattice
systems is briefly reviewed. A comprehensible description is given of the starting hypothesis, models, and
expectations, and conclusions deduced from these experimental data.
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[. INTRODUCTION Some experimental data of fixed samples of well-defined
crystallographic axes were shown in Refs. 2 and 4, but no
Understanding magnetic properties of rare-eartitheoretical work on thefixed-sampletwo-sublattice mean-
transition-metalR-T) intermetallics is very important for de- field mpdel,_compare_dv\vf\ggh measurdE!M/d B~iZB_9curves,
veloping permanent magnétfhe magnetization processes W(;re %‘Veg in the rgyltej e In our previous work, (}_n tr‘;e
of the R-T compounds have been investigated systematicall\zt er hand, we studied the magnetization process foed-
! ampletwo-sublattice mean-field model. A low-field peak
by mean-field models, such as the one-sublatfiged-

| del involvi . he si hWas: found to emerge in the second derivative of the magne-
samplemodel involving anisotropy constants up 1o the Sixtj; ation with respect to the magnetic field, corresponding to a
order;* and the two-sublatticéee-samplemodel involving

field-induced noncollinear configuration in two-sublattice
the exchange and the anisotropy constants up to the secofgtromagnetic systems, due to the competition among the
order”* For thefixed-samplenodel, the external field is ap- opposite sublattice anisotropies and the exchange interaction
plied along a certain crystallographic direction so that thebetween the sublattice moments.
Zeeman term i81;B cosé for each sublatticeé For thefree- It is interesting to detect whether these two kinds of the
samplemodel, the sample is free to rotate in the externalabnormal magnetic phenomena exist in the real system to
magnetic field so that the Zeeman termM8, whereM is  confirm the validity of these theoretical models to tReT
the vector sum of all sublattice momenit . It is evident ~compounds. In this paper, we report on an experimental ob-
that the difference in the Zeeman energy for fixed and ~ servation of the low-field peak and the evolution of the four
free-samplemodels leads to very much different magnetiza-kinds of magnetization processes in a compound
tion processes. ProgNdp oFe;Ti. For a fully comprehensible understanding
The phase diagrams for the first-order magnetization proof these magnetization processes, in Sec. Il we first give a

cesse$FOMPS were given by Asti and Bolzoni for fixed- theoretical outline of the models, including tfiged-sample
sample one-sublattice model with three anisotropy ON€-sublattice mean-field model and tieed-sampletwo-

constants. In our previous work, it was proved that a sublattice mean-field model. The different magnetization
FOMP-like jump exists in the magnetization curves evenprocfeslzes, SECh as ”Om?a" %uastherr\]/lP, SOMP, '.:OlMP’ éhe
when the set of parameters of the anisotropies is not withircV-field peak, etc., are introduced. The systematical study
FOMP zones, which was defined as a quasi-FOfIPhe of our previous work on the two-sublattice systems is briefly
difference is Ehat a FOMP is a first-order transition with areviewed. Section Il represents the experimental details for
hysteresis loop, whereas a quasi-FOMP is reversible with H?e samplg preparation, the pulsgd field magnetometer, the
very flat energy minimum with respect to the angleve- s[ngula( point detectlofSPD') technique, etc..The re;ults and
tween the moment direction and thexis5® A second-order discussion are presented in Sec. IV. Section V is for sum-
magnetization procesSOMP) occurs on the borderline be- May:
tween the FOMP and quasi-FOMP zones in the phase
diagram® It was expected that the magnetization processes
would evolve with decreasing temperature in a sequence of The models employed in this work are based on the mean-
normal- quasi-FOMP- SOMP— FOMP >® field theory. The basic starting hypothesis is that the interac-

II. MODELS
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tions between magnetic moments are very strong so that theyg
can be treated as a whole to be a sum of the magnetic mos; = (K1 + 2K, sir? 6+ 3K sin’ 6)sin 20—BMgsin( ¢— 6)
ments of the same ions/sublattices. The simplest model is the

one-sublattice model, in which only the magnetic moments =0 3
of the ions in one sublattice are taken into account or those o

of all the ions in several sublattices are treated as a wholdVith the criterion of ¢°E/367)>0.

The two-sublattice model takes into account the magnetid hen we have

moments of two different sublattices, which is much more

complicated than the one-sublattice model. The total free en- B (Ky+ 2K, sir? 0+ 3Kgsirt* 6)sin 20

; 4
ergy of a two-sublattice magnet in the presence of an exter- Mgsin(¢— 6) @
nal field is usually expressed as a sum of five terms, and

E=EextEanat Eanpgt Ezeemana ™ Ezeemans () M=M.cog ¢—0) (5)

whereE,, is the energy associated with the exchange interas the set of equations determining the magnetization curve.
action between the magnetic moments of the two sublattices, The FOMP is a first-order transition during which the
Eanj (i=A,B) is the anisotropy energy for sublatticend  magnetic moment irreversibly reorients from an energy mini-
Ezeeman, (i=A,B) is the contribution from the interaction mum to another. During the FOMP, the moment reorientation
between the moment of sublatticand the external field. must overcome an energy barrier that may be equal to the
Either the one-sublattice model or the two-sublatticeenergy maximum between the two-energy minima or to the
model can be used for interpreting the experimental resultssnergy needed for nucleation of a domain in which the mag-
such as magnetization processes at a certain temperature, #hetic moment has the direction of the second minimum. If
temperature dependence of magnetization, etcRfdiinter-  the thermal excitation cannot supply enough energy to the
metallics and also for magnetic thin films or multilayers. magnetic moment to overcome the barrier, a small loop will
Either the one-sublattice model or the two-sublattice modehppear accompanying the FOMP transition in the magnetiza-
can be dealt within the hypothesis of tifiee- and fixed-  tion curve, which is a common character of the first-order
samplemodels. The differences between tineemodel and  transition. In a one-sublattice magnet, the FOMP can be at-
fixed-samplemodels are as follows: Fdree-samplemodels  tributed to the high-order magnetic anisotropy constants. Asti
the sample is free to rotate in an external magnetic fieldand Bolzoni gave a phase diagram of the FOMPs with re-
while for fixed-samplemodels the external field is applied spect to the anisotropy constant&ccording to whether the
along a certain crystallographic direction. Therefore, themagnetic moment is directly reoriented into the saturation
Zeeman term in théree-samplemodels isSMB, whereM is  direction, the FOMPs were classified into two different
the vector sum of all sublattice momemds , while the Zee-  types® After a type-| FOMP, the magnet reaches the satura-
man term in thefixed-samplanodels isM;B cosé for each  tion state, otherwise the FOMP is of type Il. Thermal evolu-
sublatticei. In this work, we focus our interests only on the tion of the FOMPs was studied systematicafljpy an effec-
fixed-samplamodels, which will be described in detail sepa- tive parametric method in the mean-field approximation,
rately in Secs. Il A and 11 B for the one- and two-sublattice similar to that used for studying the thermal evolution of the
models. temperature-induced spin reorientatié8R).}! Phase dia-
grams for the existence of these thermal behaviors of the
FOMPs are given in the anisotropy spaces at zero tempera-
ture with the combination of analytical and numerical
If only one sublattice is magnetic or if the intersublattice ¢cglculationst®
exchange is so strong that the moments of the two-sublattice The concept of quasi-FOMPs was introduced in our pre-
remain collinear during the whole magnetization process, th@jous work® which is quite different from that of the FO-
one-sublattice model is applicable for understanding theups. The magnetization processes with a FOMP-like
magnetic properties of tHe-Tcompounds or magnetic films. anomaly, so-called quasi-FOMPs are reversible processes.
If we neglect the magnetocrystalline anisotropy in the basabuyring the quasi-FOMP, the energy minima with respeat to
plane, the total free energy offexeduniaxial one-sublattice pecome very flat, so that the magnetic moment will rotate

A. One-sublattice fixed-sample model

magnet can be written as substantially upon a slight change in the external field. So the
quasi-FOMP is defined as a magnetization process during
E=K, sir? 6+ K, sin* 9+ K; sin® 69— BMgcog ¢— 6), which there is no discontinuity, and the approach to the satu-

(2)  ration proceeds with a point of inflection or a kink. The knee
point of the anomalous section in the magnetization curve
where@ is the angle between the sublattice magnetic momentorresponds to the maximum of moment-rotation rate which
M, and thec axis, and¢ the angle between the direction of appears as a peak in the first derivative of the magnetization
the applied magnetic fiel® and thec axis. The magneto- curve and as a zero point between two opposite peaks in the
crystalline anisotropy constants are taken into account up teecond derivative of the magnetization with respect to the
the sixth ordeiK 3. The magnetization process can be calcu-external magnetic field® This means that the FOMP char-
lated by minimizingE as a function off with varying B, acter would prevail in any system characterized by a set of
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anisotropy constants similar to that of FOMP systems, which
can exist in the district outside the FOMP’s zone in Asti and
Bolzoni’s phase diagrants>® Similar to the cases of the FO-
MPs, quasi-FOMPs can be classified into two types | and II.
The FOMP-like character of a quasi-FOMP will decrease as
the set of the anisotropy constants becomes more different
from that favoring a FOMP, and finally it vanishes. The im-
portance of introducing the quasi-FOMPs is evident, due to
the following facts: Experimentally, many FOMP-like
anomalies have been observed, which do not like the first-
order transitions and which are not accompanied by hyster-
esis loops even at low temperatures. The anisotropy con-
stants for these materials, derived by fitting the
magnetization curves, do not indicate a FOMP. Many authors
interpreted these anomalies as FOMPs that are rounded by
polycrystalline effects or by complicated domain structures
even in a single-crystalline sample.

The borderline between a FOMP system and a quasi-
FOMP system is a second-order transitiore., a SOMP
because the magnetization is continuous but the first deriva-
tive has a singular point. In addition, there should exist a
normal magnetization process, during which no transition or
anomaly is exhibited. So there are four different kinds of
magnetization processes: the normal process, the quasi-
FOMP, the SOMP, and the FOMP. Figure 1 gives the phase
diagrams for these four different magnetization processes.

. . : FIG. 1. Phase diagrams for four different magnetization pro-
Because one of the properties of a quasi-FOMP is thecesses: normal, quasi-FOMP, SOMP, and FOMRdbK > 05 and

existence of a positive section followed by a zero point in the(b) K,<0.Al, A2, A1C, P1, P2, andP1C are FOMP zones de-

second derivative of the magnetization, the condition for & oqin Ref. 30QA1, QA2, QALC, QP1, QP2, andQP1C are the
quasi-FOMP is that the following inequality is satisfied out- o responding qua:si-FoivIP sones. whel SA? SALC. SPL

side the FOMP zone: SP2, andSPLC are lines or curves for SOMPH is for a normal
process. The curves are as follows3x?>—5y=0; m: x+5y=0;

T KKt

d? . n: 1+ 6x+15y=0; 0: 1+2x+3y=0; p: 3(x—2y)?—5y(1—4x)
de>O’ fe[min(fe,¢),max be,¢)], (6) =0; g 1-4x=0; r: x+3y=0; s 2x—y=0, with x=K,/K; and
y:K3/K1.
where 6 is the angle between theaxis and the easy mag-
netization direction, andp the angle between the external dm Mg
i i iti i —== , 10
field and thec axis. The condl_tlon for a'SO.MP is one and dB 2K1(1+6x’02+15y’c4) (10
only one solution of the following equation:
d*Mm M3c(x'+5y’c?) "
=0 felmin(fe,d).maxbe, ¢)], ) GB?  AK A1+ 6x 24 15y ch)’ 11

If the magnetic field is directed along a symmetry crystalwhere Kj=—(K;+2K,+3Kj), K;=2K,+6K;, Kjz=
axis, the analytical expressions for the first and second de- 12K, x’ =K3/K; andy’=K3/K] . The quasi-FOMP and
rivatives of the magnetization curve can be derived for theSOMP zones obtained by using E¢6)—(11) are shown in
deduction of the quasi-FOMP and SOMP zones from EqsFig. 1, which are labeled with the lette€s and S, respec-
(6) and (7). For convenience, we defiree=sinf, c=cosf, tively. The curves used in Fig. 1 are listed in the figure cap-
x=K,/K;, andy=K3/K;. For $=90°, Eqgs.(4) and(5) tion. Similar to the definition in Asti and Bolzoni's phase

take very simple formsgsee Ref. & diagrams’ the lettersA and P denote the direction of the
external field perpendicular and parallel to thaxis, respec-
dM M§ tively. The letterC means the easy cone anisotropy of the

(8) system. The numbers 1 and 2 correspond to type-l and Il
quasi-FOMPs, SOMPs or FOMPs. The characteristics of a

5 3 magnetization process depend strongly on the temperature

d°M MZs(x+5ys®) because the high-order anisotropy constants decrease faster

dB 2K, (1+6x52+15ysh)’

dsz 4K2(1+6xs%+15ys?) 9 than the low-order anisotropy constants. The FOMP, SOMP,
and quasi-FOMP, which are caused by the high-order anisot-
For ¢=0°, one obtains ropy constants, will gradually disappear with increasing tem-
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perature. At high temperature, like room temperature, onlytives of the magnetization with respect to the magnetic field
the normal magnetization process is likely to show up. It waof the two-sublattice ferromagnétt was found that, besides

predicted that the magnetization processes would evolvthe peaks in the high-field range corresponding to the anisot-
with decreasing temperature in a sequence of normaiopy field, a low-field peak could emerge in the second-order

— quasi-FOMPs>SOMPs—FOMPs>® derivative curves of magnetization, depending sensitively on
the competition between the exchange energy and the high
B. Two-sublattice fixed-sample model competing single-ion anisotropies of the two-sublattice

system’ 1314 The effects of the exchange interaction and
the anisotropies were discusseand the phase diagrams for
the existence of the low field peaks were gi&Mhe exis-

For afixed single crystal with two magnetic sublattices,
the total free energy can be expressed as

3 tence of a low-field peak is a characteristic of the two-
E=nagMaMgCOg 05— 0g)+ >, >, K sint'o, sublattice system, which has not been detected experimen-
=1jZAs J tally up to date, to our knowledge. It was clear that only the

second-order competing anisotropies of the two sublattices
- > BM,codb— ), (12  are needed for prediction of the low-field peik:>'*If the
i=AB high-order anisotropies were taken into account, the FOMPs
HI_OU|C| occur at the high-field range of the magnetization
gurvef5 Of course, the situation becomes much more com-
plex in the two-sublattice system. The bending processes oc-
cur so that the magnetic moments of the two sublattices
could jump either together or separately; thus more than one
FOMP could occur in one magnetization cufvEor com-
A . ! parison between théxed-sampleand thefree-samplemod-
angle between the direction of the applied magnetic field els, the readers can refer to the literature for the study of the

and thec axis. So the configuration of the moments of Fhemagnetization processes in a two-sublattitee-sample
sublattices is determined by these energies. At equ'“b”umSysterr?"‘*w

one has

where the exchange energy between the two magnetic su
lattices, the anisotropy energies up to the sixth-order aniso
ropy constankKs, (or K3g), and the Zeeman energies of the
magnetic moment®!; (j=A,B) of each sublattice are taken

into account.f, (or 6g) is the angle between the sublattice
magnetic moment$/, (or Mg) and thec axis, and¢ the

The temperature dependence of the magnetization of the
SE 3 two-sublattice system was investigated systemati¢&t’
=AM AMg SN — 0a) + > iK s SilP 2 6,sin20,  Some phenomena, including the ferrimagneticlike anomaly
N =1 in a two-sublattice ferromagnét,the first-order spin reori-
entation refornt/ and the second-order spin reorientation

~BMasin(¢—0,) =0, 13 reformt®9were predicted in a certain condition for the tem-
9E 3 perature dependence of the spontaneous magnetization in the
o= NagM AM g SIN( 95— O) + E iK g SiN? 2 0 sin 20 two-sublattice system.
B i=1
—BMgsin(¢—6g)=0 (14 lll. EXPERIMENTAL DETAILS
with the criterion of The SPD technique developed by Asti and Rinaldi is a
X s o ) ) convenient method to determine the anisotropy field and the
_[ E \* 9E E<0_ E>O' E>O FOMP transition field of polycrystalline sampl€52* Due to
IRYINIA 076’/24 ggé ’gai ' gg'é ' the noise signal at low field range of the SPD, it is usually

hard to pick the low-field peak out of the background. The

The magnetization processes of a two-sublattice magnetroblem is not only to search which compound exhibits this
are profuse, because a bending of the magnetic momenkénd of phenomenon in its SPD curve, but also to confirm
could occur, accompanying their noncollinear configurationsthat the peak really belongs to the intrinsic behaviors of the
when the external field is applied. A study of spin configu-compound. On the other hand, more difficulty arose in dis-
rations in a two-sublattice system revealed that noncollineatinguishing a quasi-FOMP from a FOMP experimentally
spin configurations exist even in the absence of an externdthere is much more difficulty in the case of polycrystalline
field, which originate from the competition among the ex-samples In this work, we develop a procedure to overcome
change interaction and the opposite magnetic anisotropies diis difficulty to illustrate the temperature evolution of the
the two sublattice$? The phase diagrams were given for four kinds of magnetization processes.
different spin configurations at the zero field of the two- A polycrystalline compound BgNd,-Fe;Ti was pre-
sublattice system, which were derived by considering thepared by arc melting The homogenized ingot, after being
anisotropy constants up to the secofat sixth) order!?  annealed at 1100°C for 15 days, is essentially of single
When the magnetic field is applied, the magnetization prophase with a tetragonal ThMsutype structure. Some mag-
cesses are determined by the total free energy of Bf}.as  netic phase transitions in this compound were studied in a
well as the equilibrium condition of Eq$13) and (14). A previous report? Measurements of the anisotropy fieiq,
computation procedure was developed to calculate not onlthe critical fieldsB., of a FOMP(or SOMP or quasi-FOMP
the magnetization curve but also the first and second derivaand the fieldsB,,, of the low-field peak for an aligned
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FIG. 3. Temperature dependence of the anisotropy Bgldthe
critical field B,y of a quasi-FOMP or a SOMP or FOMP, and the
field By, Of the low-field peaks for BgNd, JFe;4Ti.

M sublattice moments is comparable with the competing

S anisotropies of the two sublatticéS.Figure 3 shows the

o temperature dependence of the anisotropy fi@gsnd the
fields By, of the low-field peaksB, increases from 3.08 to

5.09 T, whileB,,,, decreases from 1.08 to 0.27 T when the
temperature is from 290 to 180 K. There is a clear concave
point at about 220 K in the curve for the anisotropy fiBlg,
showing the occurrence of some anomalies in the SPD curve.
P T 3 4 5 & According to our theory of a quasi-FOMB,its critical
B(T) field was identified as the field at which the SPD curve cross
zero Bco)- A quasi-FOMP temperaturgyasi.rompWas iden-
FIG. 2. SPD curves at different temperatures for tified where double peaks appear at the SPD curve and, the
Pro gNdo JFeyy Ti SPD curve begins to cross zeffor onset of a quasi-FOMP,
not of a FOMP, as stated in Asti and Rinaldi’'s wotk).
ProgNdy JFe ;Ti sample were carried out by means of the From Fig. 2a), we haveT qyasi.romp= 250 K. Figure 3 shows
SPD technique in the pulsed-field facilities at the Institute forthatB.q increases from 3.16 to 4.70 T when the temperature
Experimental Physics, Technical University of Vienna, oper-decreases from 250 to 180 K. The question is how to identify
ated from 4.2—300 K with a maximum field of 30 T. In a the temperature for the onset of a FOMP. By a theoretical
uniaxial magnetic compound, a singularity ddM/d’B~ B prediction®® we expect that at the onset temperatligg yp
occurs atB=B,, with the field perpendicular to the align- there exists a singularity on the temperature dependence of
ment direction of the sample. For a sample with an easyB, because actually a SOMP occurs at this temperdsoe
plane magnetization, like PgNd,.FeTi, a cylindrical  better to call itTsoup).2* A concave point exists in the curve
sample was prepared by the rotation-alignment methoéh Fig. 3 for the critical fieldB,y, accompanying that for the
aligning powders in a field of 1 T and fixing them in epoxy anisotropy fieldB, . The singularity can be seen more clearly
resin®22>The magnetic field was applied along the directionon thedB,,/dT—T plot in Fig. 4a). The experimental data
perpendicular to the alignment direction. are first smoothed as in Fig(), and then the derivative is
done by a built-in function of the commerciaRIGIN 5.0
software?® We have successfully found soye=225K,
which is about 25 K lower thaf y,si.comp Therefore, the
SPD curves of the magnetization measured at 180—290 kemperature evolution of the four kinds of magnetization
are given in Figs. @) and 2b) for Pry gNd, JFe;1Ti. Besides processes has been observed in a sequence of normal
the peaks in the high-field range corresponding to the anisot—quasi-FOMP- SOMP—FOMP, in good agreement with
ropy fields, clear low-field peaks are found on the SPDour theoretical predictiort®
curves from room temperature to 200 K. The signal of the The phase diagrams of these four magnetization processes
low-field peaks is much pronounced than the backgroundare given in Figs. @8 and ib) for K;>0,> andK;<0, re-
and thus cannot be due to the noise signal. The decrease gfectively. The present compound with an easy plane anisot-
Bi,w With decreasing temperature distinguishes it clearlyropy corresponds to the phase diagram in Figp) for K,
from that of the coercivity. The shift of the low-field peak <0. During a quasi-FOMP, the knee point of the anomalous
positions, depending on the temperature, is attributed to theection in the magnetization curve corresponds to the maxi-
text that the strength of the exchange coupling between thmmum of moment-rotation rate, appearing as a peak in its first

IV. RESULTS AND DISCUSSION
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ropy coefficientskd, 3, and «2. The parameters used during the
calculations arel=2, M(0)=1, K;=—-100J,K,=100J, anK3
=-100J.

FIG. 4. (8) dB,/dT vs the T plot for PrgNdyFeTi. (b)
shows the experimental data and the smoothed curves.

derivative and as a zero point between two opposite peaks Weaknesses of the pulse field measurement, such as the noisy
its second derivative of the magnetization with respect to thejata®® The difficulties are also due to the sensitivity of the
magnetic field. As mentioned above in Sec. Il A, the condi-second-order derivative of the magnetization, which depends
tion for a quasi-FOMP is that the inequality dfM/dB®  strongly on the magnetic parameters, such as the exchange
>0 is satisfied outside the FOMP zone in Asti and Bolzoni'sconstant, the anisotropy constants of the two sublattices, etc.,
FOMP phase diagrarhThe condition ofdB/dM=0 is for  Nevertheless, more experimental data recorded on a single
an infinite discontinuity in the first derivative of the magne- crystal would be quite helpful.

tization during a SOMP®?4 [ocated at the borderline be- The present work is consistent with our theoretical predic-
tween the FOMP and quasi-FOMP zones. An example ofions, based on the one- and two-sublattfoeed-sample
calculations, illustrated in Fig.(8), shows the existence of models. The one-sublattice model is the simplest one, for
even a stronger singularity on tiig,— T plot. The peak at analytical solutions can be easily derived to give the phase
T=0.58T, corresponds to the SOMP, when the ratios for thediagrams for the different magnetization processeThe
anisotropy constants, /K, andK3 /K, cross the curve in existence of the low-field peaks is part of the character of a
the phase diagram Fig(H). Zener’s power laws were used two-sublatticefixed-samplesystem, suggesting that a two-
for deducing temperature dependence of the anisotropy caublattice model is needed for describing quantitatively the
efficientsk,, Kﬁ, anng [see Fig. B0)].2° The concave point whole magnetization process of the present compdind.
for the critical fieldB., in Fig. 3 can also be reproduced by However, it is hard to derive the analytical solution in the
adjusting the anisotropy parameters. However, it is difficultypresence of fields for two-sublattice systems to give the
to analyze the experimental data quantitatively by our twophase diagrams for the magnetization procesbks FO-
sublattice mean-field model, not only because the polycrysMPs) at the high-field range. Nevertheless, the phase dia-
talline character of the present sample, but also because gfam for FOMPs, quasi-FOMPs, and SOMPs, derived based

014419-6



OBSERVATION OF LOW-FIELD PEAKS AND . .. PHYSICAL REVIEW B57, 014419 (2003

on the one-sublattice model, is still useful for illustrating from the experimental data. We have observed low-field
these phenomena qualitatively. This is because fioed peaks in the second derivative of the magnetization and the
samples competition between the two sublattices, such agemperature evolution of four kinds of magnetization pro-
bending of the moments, mainly occurs at the low-fieldcesses (normatquasi-FOMP-SOMP—FOMP), by em-
range where the low-field peaks emefgdayhile the charac-  ploying the SPD technique. Because the second derivative of
ter of the system can be treated approximately by the onehe magnetization corresponds to the acceleration of the mo-
sublatticefixed-samplenodel in the high-field range where ment rotation, studying the low-field peaks as well as the
the FOMPs, quasi-FOMPs, or SOMPs usually occur. four magnetization processes in detail provides us with
The present work indicates that the one and two-sublatticdeeper insight into the magnetic behaviors of the materials.
mean-field models are valid to a certain extent for interpret-The experimental findings in this work indicate that the one-
ing the magnetic properties and for predicting the phenomand two-sublattice mean-field models are valid to a certain
ena of theR-T intermetallics. Furthermore, the one- and theextent for interpreting the magnetic properties and for pre-
two-sublattice mean-field models are applicable for interpretdicting the phenomena of tHe-T intermetallics.
ing the experimental results in magnetic thin filfis°
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