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The spin freezing process and the magnetic nature of reentrant spirfg&Ssand the ferromagnetidé=-M)
phases of a typical reentrant ferromagnegMin,, were investigated based on neutron depolarization analysis,
and the results were compared with the previous Mdssbauer measuréRigrgsRev. B64, 184432(200D)].
The wavelength-dependent polarization, under a field cog#€) condition, showed the damped oscillatory
behavior in both the RSG and FM phases, except in the temperature region just above the RSG temperature
Trse~ 60 K. At a temperature of around 80 K, however, it showed a double oscillatory behavior. The field
integral I, which is proportional to the mean local magnetic induction, was deduced as a function of the
temperature. Two branches of temperature-dependent field integrals were found: a low-temperature
low-branch, which has a small value bfstopped at a temperature below the Curie temperdigre160 K,
and a high temperatutg;g-branch, which has a large value lofappeared just below 80 K. This means that
there are two kinds of magnetic environments, and they have different values of magnetization. This is
consistent with the observation of the double peak spectrum of the hyperfine field in the previous Mossbauer
measurements. The present neutron data and the Md&ssbauer data can be interpreted along a scenario of
reentrant behavior, which consists of the low-temperature spin canting state and the “melting of frustrated
spins” mechanism introduced by Saslow and PafRérs. Rev. Lett56, 1074(1986)], except for the absence
of the observation of singularity in the temperature-dependent magnetization. Based on such considerations, we
constructed a comprehensive picture of the spin freezing process and the magnetic nature of the RSG and FM
phases in the reentrant ferromagnet.

DOI: 10.1103/PhysRevB.70.134410 PACS nunier75.50.Lk, 75.30.Kz, 61.12.Ex

I. INTRODUCTION field model. This ambiguity makes it difficult to understand

Reentrant ferromagnets undergo a transition from a pardl€ Spin freezing process in a reentrant ferromagnet.
magnetic to a ferromagneti&M) phase as the temperature N our previous study, mainly using the ac-susceptibility
is lowered, and at lower temperatures, further transition to &nd Mossbauer techniques, we examined the intrinsic prop-
state known as reentrant spin-gla&SG occurst This kind ~ erties  of the RSG transition in®'Fe-doped NiMn
of successive magnetic transition has been qualitatively ur(Ni7757Fean22).9 The most remarkable feature was that the
derstood on the basis of the mean-field picture, i.e., thelistribution of the hyperfine field in the zero-field Mossbauer
Sherrington-Kirkpatrick model for the Ising spin systémr;,  data consisted of two peaks in the FM phase, and of one
the model for the Heisenberg spin system introduced byantisymmetric peak in the RSG phase. Based on this finding,
Gabay and Toulous&Despite this understanding, some as-we proposed the following picture of spin freezing in the
pects of the intrinsic nature of reentrant ferromagnets remaireentrant NiMn. In the FM phase, there are two groups of
to be clarified, i.e., the magnetic nature of the FM and RSGspins with different relaxation times; one consists of spins,
phases, and the spin-freezing process from the ordered phaséh a shorter relaxation time, around a frustrated spin site
to the disordered phase. The mean-field theories have pren which the spin is melting, the other of collinear spins with
dicted the existence of a low-temperature “mixed” state bea longer relaxation time. Upon lowering of the temperature,
low a certain temperature in the ferromagnetic pifaSEhis  the spin-glass correlation develops at the expense of spins
is consistent with the observation, based on neutron depolathat have faster dynamics, and then diverges at the RSG
ization analysis, of long range ferromagnetic correlation intransition temperature. This kind of spin freezing process is
the RSG phasé. However, some studies of neutron reminiscent of the reentrant behavior driven by the mecha-
scatterin§ and the dynamic behavior of magnetic nism of “melting of frustrated spins” introduced by Saslow
susceptibility” indicate an equilibrium transition from the and Parket? It is the purpose of this paper to discuss the
ferromagnetic to the pure spin-glass phase. In addition, thepin freezing of a typical reentrant ferromagnetdNin,,

FM phase of the reentrant ferromagnet shows peculiar beésased on complementary information provided via a tech-

havior that reflects the chaotic nature of this pifasecon-  nique that has a spatial resolution different from the spatial

trast to the robust nature of the regular ferromagnetic phaseesolution in the Mdssbauer effect, which has an atomic scale
These characteristics, observed in the RSG and FM phasegsolution and a magnetic measurement on a macroscopic
have not been sufficiently interpreted based on the mearscale, which was used in the previous study.
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The neutron depolarization analysis is a useful method ta
obtain information on a scale larger than®ldngstroms? (a)
Previous neutron depolarization analysis of reentrant ferro- s
magnet Nj-Mn,; showed characteristics suggesting the ex-
istence of a ferromagnetic domain in the RSG pHadds a neutron ¢
result, the low temperature irreversible magnetic behavior in
NiMn reentrant ferromagnet has been interpreted in terms of
the magnetic domain wall motion and the dynamics of mag-
netization in each domain. This is consistent with the
domain-anisotropy model, which has provided a macro-(b) z
scopic explanation of the magnetic behavior of the NiMn A
systemt? In addition, we found that the field integral, pro- P@)
portional to the amplitude of mean local magnetic induction
in the magnetic medium, showed a two-stage increase as th
temperature was lowered; i.e., the gradient of the
temperature-dependent field integral significantly changec
around the reentrant spin-glass temperaliyg;*? This fea-
ture contrasts with the observation of the field integral in
conventional reentrant ferromagnets, in which it shows a
broad peak arountizgg and successively shows a slow drop
at lower temperature’. This kind of singular change in FIG. 1. The geometry of the neutron experiment is show@jin
NiMn reentrant ferromagnet must appear on a semimacrofhe neutron passes through the sample along thieection, where
scopic scale, which is smaller than the spatial scale related the sample plate is parallel to thye plane. The magnetic field is
the dynamics of domain wall and intradomain magnetizationapplied along the direction. Under the FC condition, the magnetic
It is, therefore, hoped that examination of the characteristidield H..q is applied along thg direction during the sample cooling
behavior of the field integral, in relation to observation of theprocedure. As shown iith), the neutron polarization shows the
double distribution of the hyperfine field, can throw light on oscillatory behavior through the precession of neutron Simthe
the spin freezing mechanism in a reentrant ferromagnet. local magnetic inductiorB. The amplitudeB and the angley are

In this work, the neutron depolarization analysis of a re-reflected in the oscillatory polarization data.
entrant ferromagnet BMn,,, which had the same Mn con-
centration as that used in the previous Mdssbauer measursample~1 mm in diameter and a small disc sample, having
ment, was carefully performed as a function of the neutrorthe same demagnetization factor as that of the neutron
wavelength\ with a higher resolution than that used previ- sample, were used for the magnetic measurements.
ously. A sample consisting of a mirror-polished disk that was The neutron depolarization measurements were per-
thinner than that used in the previous neutron depolarizatioformed using the polarized neutron reflectomete©ORB
measurement was used in order to observe the detailed struspectrometer at the cold neutron guide hall of the Booster
ture of the wavelength-dependent polarization. As a resultSynchrotron Utilization Facility at the High Energy Accel-
we found two branches in the temperature-dependent fieldrator Research Organizatiéhsukuba, JapanAll the inci-
integral abovelzgg Which is analogous to the thermal evo- dent neutron spins were polarized along #hdirection. The
lution of the hyperfine field in the M&ssbauer measurementpolarization P(\) along thez direction was measured in a
This was just as expected, given the mechanism ofagnetic fieldH as a function of the wavelength(2.6
“frustrated-spin melting” in the spin freezing procé8s. -10.7 A), using the polarization analyzer just after the neu-
Thus, the neutron depolarization data strongly supports oufon passed through the sample along xtdirection, where
characterization of the reentrant behavior deduced from thﬁje Samp|e p|ate was para||e| to t!ye p|ane_ The present
Mossbauer measurement. After all, the change in the spifavelength resolutiofAN=0.036 A is four times higher
configuration was consistently characterized at various teMan that in the previous measuremefts the field cooling
peratures. Finally, we constructed a comprehensive picture @fEC) procedure, an external field..,; of 1 kOe was applied
the spin freezing process and the magnetic nature of the RS&ong they direction, using an electromagnet during the

2n /1

and FM phases in a NiMn reentrant ferromagnet. sample cooling to the lowest temperature in the present mea-
surement(~7 K), and the polarization measurement was
Il. EXPERIMENTAL PROCEDURE AND MAGNETIC performed on a heating run. The arrangemertiigf, andH
CHARACTERIZATION in the present neutron experiment is described in Fig). 1

The magnetic measurement was performed using a com-

The procedure for preparing the ¥in,, was similar to  mercial superconducting quantum interference device mag-

that for the Nj,Mn,3:*? Ni and Mn were arc-melted together netometer. The magnetic measurement of the spherical

under argon in the desired composition, and the ingot wasample was performed in a field applied parallel to the direc-

homogenized for three days at 900°C and then quenched iion of Hg,,. The temperature-dependent magnetization at
water. A plate of sample 0.825+0.005 mm in thickness wa0 Oe[Fig. 2(a)] shows a Curie temperatuiig. of ~160 K
cut from the ingot for the neutron measurement. A sphericaind a reentrant spin-glass temperaffigg; of ~60 K, which
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o6k @ ,'wn Zig.*®> The low temperature evolution of unidirectional and
e evlez | uniaxial anisotropy field$14 andH, is shown in Fig. 2c).
i The unidirectional term of anisotropy disappears at tempera-
tures higher than 40 K, and the uniaxial term shows a maxi-
. mum around 30 K and successively decreases as temperature
P e (200e)| . T decreases. These characteristics are consistent with those re-
0.0 300 150 200 250 ported in the reentrant system of NiM#.

In the additional magnetic measurement of the disc
sample, a magnetic field was applied perpendicular to the
direction of Hgy in @ manner similar to that used in the
neutron measurement; i.e., the sample was rotated 90° using
a sample rotatofQuantum Design, California, USAnN a
zero field after cooling the sample to the measuring tempera-
ture in a field of 1 kOe. In Fig. @), the low-field magneti-
zation curve at 8 K under the 90°-rotation condition is com-
pared with that measured in the conventional way. A small
and symmetric hysteresis is observed in the 90°-rotation

data, which is in contrast to the asymmetric shape of the

e CU conventional data. The magnetization curves were obtained
200'_ "'\‘ o Hy at temperatures which were the same as those of the neutron
LA e ] measurements. The 90°-rotation magnetization, measured at
100} J,f*l‘v - various temperatures, is shown as a function of temperature

Lo }"o... :u“ L in Fig. 3b). As temperature increases, the magnetization rap-
O 20 a0 60 30 100 idly decreases below-50 K and shows a slow increase fol-

T (K) lowed by a plateau region, and decreases ardidrhese

data will be directly compared with the neutron data.

0.4

M (emu/g)

0.2 -0~ ZFC(200e)

T(K)

M (emu/g)

Hgy H, (Oe)
»
¢
T

FIG. 2. ZFC and FC values of magnetization ofdNin,, mea-
sured as a function of temperature in a field of 20(@e FC mag-

netization curves at 6, 25, and 40 K are showighy; whereH¢ is 1. EXPERIMENTAL RESULTS AND ANLYSIS OF

the effective field corrected for the demagnetization field. The uni- NEUTRON DEPOLARIZATION DATA

directional and uniaxial anisotropy fields are evaluated based on the

magnetization curves i(c). Figure 4 shows the typical zero field cooligFC) and

FC features of the wavelength-dependent neutron polariza-
values are slightly higher than those of the,Ni’Fe,Mn,,  tion in a field of 90 Oe. At 8 and 40 KTgsg), thermal
sample used in the previous wotR-~150 K and Trsg irreversibility was significantly observed; oscillatory behav-
~50 K).° Nevertheless, we decided to compare the preserior was seen in the FC data and monotonic decrease in the
results of the neutron study with the previous MossbhaueZFC data[Figs. 3a) and 3b)]. At 65 K (~Tgsg), the ZFC
data, based on the fact that the spin-freezing behavior of thignd FC data similarly show oscillatory behav[éig. 3(c)].
system is mainly dependent on the Mn content. The fieldAt 80 K (~Trsg), the oscillatory features observed in the
dependent magnetization was measured after cooling theFC and FC data, respectively, are intrinsically the same
sample down to a measuring temperature in a figlg,, of  [Fig. 3d)]. This wavelength dependence, observed just
10 kOe, where the measurement was performed in a fieldboveTrgg cannot be expressed by a kind of damped oscil-
applied parallel tdH.,,. The spontaneous magnetization of lation with a unique period. At higher temperatures, the os-
22.4 emu/g and the unidirectional anisotropy field of 290 Oectillatory behavior contains only one perig#ig. 3e)]. We
were obtained at 6 KFig. 2(b)], and these values are com- will analyze these kinds of wavelength dependence based on
parable to those reported by Kouvel, Abdul-Razzag andhe expressions shown in the following paragraph.

25 T T 20 T T T
@ © N FIG. 3. (g) The_ magnetization of the _plate
20} .-HW‘"- sle Ho900e | sample qf NjgMn,, is measured as a function of_
g I g N FC in 1000 Ge applied field, where the sample was rotated 90° in
& sl 4 & Q\Sg\ a zero field after cooling of the sample to the
% no rotation {J’ qgigfzg@ﬁ:w ,g 10 A 00 0e - m_gasuring temper_atu_re in a field of 1 kOe. In ad-
-§ 10} Mﬂzgzﬁﬁ O 1% \fﬂ,,,co..o ..... o._..%h d!t!on, the magnetization curve unde.r the FC con-
2 o Ni,oMn, g o ) ____Qo_g(.{._?g__o"%m\o | qmon with Heool of 1 kOe, megsured in iconvgn-
5L o chion TcE 0000 N 3006 “oug tional way, is compareql Wlth the 90°-rotation
a:o--o-@'Z-ge-“*mv-% data.(b) '_I'_he FC magnet!zatu_)n, measured under
o . ) o | 20-00-0m 0mm0-0m0 0 the condition of 90° rotation, is plotted as a func-
-100 -50 0 50 100 0 50 100 150 200 tion Of temperature.
H (Oe) TK
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08 T e VA 0.8 . ; r r
| 8K i7gMnzo _ 06 40K e
g'i %%ﬁ . , o e 04 o ZFC
o NERA ) a T 7
0.2 0.2
0.0 0.0 (SRR}
02 02L& H=900e, ) !
2 4 6 8 10 12 2 4 6 8 10 12
(A (A
08 ) 08 () FIG. 4. ZFC and FC features of wavelength-
N T T T T . T T T T . . .
06l 65K sFc | 06l 80K ke ] dependent_ neutron polarization of AMnN,,,
0.4k i 0.4F i measured in a field of 90 Oe, are shown at 8, 40,

ool oo | a o_z_w 65, 80, and 120 K. At 8 and 40 K<Tgsg), the
0.0 i "“M—o 0.0 thermal irreversible behavior is observed, but it

02 © Higo Oeé L -o.zz(d) H=49° Oeé —— disappears at high temperatures above 80 K
(A ) (>Trso)- At 65 K (~Trsg, @ marginal behavior
08 is observed.
06 .
0.4 & .
o
0.2 .
2'2 (e) H=900e, . )
%4 & 8 10 12
AA)
Mitsuda and EndoH characterized the wavelength- | =C(B)L, (2)

dependent polarizatioR(\) of a polarized neutron traveling . o
through a magnetic medium based on the classical treatmelere ¢, and c, are related to the width of distribution
by Halpern and Holsteind$.The characteristics dP(\) are of the magqetlc induction p.a.rallel and are perpendicular to
summarized as follows: (B), respectively. The coefficientd and ¢ depend on the
(1) For a large domain limit of the ferromagngnon- width of the neutron puI;e, the neutron f_Iight path, and the
odomain structure a damped oscillatory wavelength depen-Sample thickness. The field integrall, defined by Eq(2),
dence, where the damping factor depends on the inhomogéan be used to determine(B), where C=4.63
neity of the magnetic induction in the sample, is observedx 107 cm™ Oe'* A"117 Based on Eq(1), we propose the
Figure Xb) shows the schematic drawing of the oscillatory following modified expression applicable to the magnetic
polarization, which originates from the precession of themedium comprised of two different magnetic regions with
neutron spins induced by the magnetic inductioB in a  different respective magnetic inductiong,, and g
homogeneous ferromagnetic medium. The period of oscilla- _
tion corresponds to the amplitude Bf whereB ~4x7M in a P(\) = exp(- ¢;\?)cos’0 +a A expl= ¢\7)

small applied field, and the average polarization is deter- Xsinfh cogligu\ + @) + (1 —a)A exp(— cH)\?)
mined by the angl® betweerB and thez axis. This is useful 2 ,

to characterize the magnetic structure on a semi-macroscopic Xsin6 codlnignk + ¢'), )
scale. where a/(1-a) is the volume ratio of the two magnetic

(2) For a multidomain state of the ferromagnet, the OSC”'regions?l
latory behavior is washed out due to the random orientation Figure 5a) shows the FC data, obtained in the applied

of the domains, and an exponential-type monotonic decreasge|q of 90 Oe at 8 K, that characterizes the wavelength de-
where the exponent depends on the magnetization and ﬂb%ndence beloWgse The oscillatory behavior is well ex-

size of magnetic domain, is observed. In addition, Dokukinpressed by Eq(1). When the applied field was below 60 Oe
18 s . ). ,
et al.” proposed a modified expression of the wavelengthyjsorted oscillatory behavior was observed, although no

dependent polarization based on the theory of polarized newy,cp pehavior is shown in Fig. 5. This is because the polar-
tron scattering given by Toperverg and WeniffeThe ex- ;a4 neytron is depolarized, due to the stray field from the
pression contains the fluctuation of magnetic 'nd“Ct'onsampIe prior to coming into the sample. Just abbye, the
parallel to the mean magnetic inductid) in adgl(;tlon tothe  omplex wavelength dependence of polarization, as observed
perpendicular component. Further, Kreztehal = took into 4t g K, appearedFig. 5b)]. This cannot be expressed by
account the effect of the width of the neutron pulse, anqzq. (1), because the best fit based on Et). brings about
deduced the following type of expression for the large do-nreasonable values &(>1) at small\, as shown in the
main limit under the condition of small distribution &f inset of Fig. 6. On the other hand, EE), which includes

two kinds of oscillatory terms, well expresses the complex
P(\) = exp(— c;A?)cog 0 + A exp(— coh2)siPd cos(IN + @), behavior(Fig. 6) At higher temperatures, E@l) again pe—

(1) comes the suitable expression, as observed at 12BidK

5(c)]. After all, the wavelength-dependent polarization can
be well expressed by the single oscillatory term both in the
and RSG and FM phases, except in the temperature region just
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0.7 T T T T 0.7 T T T T
06 o .
0.5[ ggOe h
04l 80K
o o
03 -
0.2
0aF FIG. 5. FC wavelength-dependent neutron po-
0.0; 7 5 s 19 larization of NigMn,, measured at 90 Oe, is
rA) shown together with the theoretical curves. At 8
07 ¥ T ; T and 120 K, Eq(1) is a good expression, but the
06 © 4 double oscillatory behavior is observed at 80 K,
o5k S[?Oe 4 which can be expressed by ES).
a
00 1 1 1
2

4 }%(A) 8 10
aboveTrse Thus, the essential domain structure of the FC-ous magnetization deduced by the extrapolation using the
RSG and FM phases in reentrant,§\in,, can be interpreted high-field magnetization data obtained between 2 and
based on the large-scale ferromagnetic domain. However, tHED kOg, are shown by the dotted curve in these figures. The
sum of the two kinds of oscillatory terms, appearing justFC values of, obtained at 90 and 60 Oe, agree well with the
aboveTgrsg is an observation that has not been detected igalculated curve below 40 K.. As the temperature increases
previous studies. We demonstrate the meaning of the doubRPove 40 K, the value df deviates downward from the cal-
oscillation by the temperature-dependent behavior of thé&ulated curve. Around 80 K, the lower-vallig,, which was
field integral in the following paragraphs, thereby providing deduced from the larger period term in the double oscillatory
a comprehensive picture of the spin freezing process of thBunction, is smoothly connected to the lower-temperature
present reentrant ferromagnet_ Values, and the higher—valul?high, Corresponding to the
Figure 7a) shows the values df obtained from the FC shorter period term, is almost the same as the calculated
data at 90 and 60 Oe. In addition, the FC data in a low-fielavalue. At higher temperatures, the valuelahonotonically
(5 08 and the ZFC values, obtained from the data in 90 Oedecreases as the temperature increases, and follows along the
are plotted in Fig. @), where the field integral can be ob- calculated curve. Therefore, there are two branches in the
served only aroundgse The values of, calculated based temperature-dependent valueslpfvhich govern the corre-

on Eq.(2) using the relatiorB=4mM (M, is the spontane- SPonding two temperature regions, below and abbyg;
The thermal evolution of the FC value bin 5 Oe, observed

0.5 T I I in Fig. 7(b), resembles that of,,,, shown in Fig. 7a), al-
though oscillatory polarization with a regular period is ob-
served only aroundisg In addition, the ZFC data show the
oscillatory behavior at temperatures higher than 50 K. The
temperature-dependent ZFC valuelof similar to that of
FC values at 90 and 60 Oe; i.e., the two branches afe
observed just abovégse Therefore, the observation of the
low branch is intrinsically independent of both the cooling
condition and the amplitude of the applied field, although the
Inigh branch is not observed in a field of 5 Oe. In addition, the
low-field polarization, measured at the higher temperatures,
shows no oscillatory behavior but does show monotonic de-
crease. This suggests that a field of 5 Oe is insufficient to
generate the monodomain configuration. Thus, the observa-
tion of thel,,,, branch is independent of the domain configu-
ration.
Next, we evaluated thecomponent of magnetizatiod,
based on the values df and 6, where the value of is
A (A) determined by the first terrtrcog6) in Eq. (1) because the
second term includes an ambiguous paramAté In Fig.
FIG. 6. Based on Eqgl) and(3), the best fits to the 80 K data 7(C), the temperature-dependent valuesvbf are compared
are shown. The fit based on E&) shows unreasonable behavior at with the magnetization obtained by the magnetic measure-
small\, as shown in the inset. ment in the 90°-rotation procedure, where the double oscil-
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12 o 90eFC(EQ) 1ok " o S00ezFC et o
f 28 8e ES‘E“'?’ E' 90 ogzr:c ieéé}
—~ 10, & 800oFC (Eqd : ~ 10r- v 50eFC(Eq)
< " % - S@tUration magnetization ot ~ saturation magnetization
< oL T i < i
g e
2 sl i e 0 s L T i FIG. 7. Temperature dependence of the FC
s 4l 1l s - field integrall of NisgMn,,, evaluated at 90 and
[+1} . .
Ll @ 2 60 Oe, is shown ina). The FC values of ob-
. . tained at 5 Oe and the ZFC valueslobbtained
1 Il " .
% 40 80 120 160 120 160 at 90 Oe are plotted as a function of temperature
T TK) in (b). The calculated curve, obtained based on
20 R vy the magnetization data measured at magnetic
s | O o mc (Ea2) i fields between 2 and 10 kOe, is shown as a dotted
35 e R -
E vr iy S aSiEy T curve in both figures. The components of mag-
< N oe - 60 Oe (magnetic) netization, evaluated fromand 0 obtained in the
= 101 \ - . .
g %o\ L.es-e..2. 00 90 and 60 Oe, are compared with the magnetic
2 N 5 Treel .
S s R e SRERNN data(dashed curvesn (c).
£ (e} sne o, 60 Oe
0 i i 1 1 2
0 40 80 120 160

latory data is analyzed in consideration of the volume ratiaron depolarization data essentially agree with the magnetic
of two magnetic regions. The two sets of data are intrinsi-data measured under the same conditions used for the neu-
cally identical in the temperature regions below 40 K andtron measurement. This finding is consistent with those in the
above 80 K, but the value dfl,, obtained based on the neu- previous study of the Mdssbauer effect and ac susceptibility
tron data, is significantly smaller than the magnetic datayf Ni,,Fe,Mn,,, indicating that spin-glass ordering homoge-
aroundTgse This suggests that a portion of the spins do notheously coexists with long-range ferromagnetic correlation
belong to the large magnetic domain corresponding to théh the RSG phase. Now we discuss the reason why the large
oscillatory polarization; i.e., the multidomain structure is 2 component of magnetization is observed despite the FC
partly formed under the FC condition at temperatures aroun@rocedure in a field of 1 kOe along the y direction, i.e., why
Trsc the net magnetization vector significantly cants from the di-
rection of Hg,,. A similar situation has been observed in
previous studies of the reentrant NiMn system based on the
At temperatures lower than 40 K, the amplitude and neutron depolarization experiment and the transverse ac sus-
component of magnetization evaluated based on the FC negeptibility measurement. This has been interpreted in terms

IV. DISCUSSION

1.2

o
FIG. 8. The FC feature of wavelength-
dependent neutron polarization of jVin,, mea-
sured at 65 K in various magnetic fields below
90 Oe is shown in(@. The values of the field
integral and cd®, deduced from the FC data
measured at 57 and 65 K, are plotted as a func-
6.5 T T T 0.20 T T tion of the applied field ir(b) and(c).
T eol® 1 (©)
i : 57 K o 0.15
g 551 GOy A (g 0.10
£ 50F 65K & - 3 0.05
D 45 s B _
= 0.00
4.0 1 1 1 |
0 20 40 60 80 100 40 60 80 100
H (Oe) H (Oe)
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- havior of neutron depolarization. In the temperature range
%OH _’_f/__ ~ between 50 and 75 K, however, only thg, branch is ob-
(@) T<40K el —— 5 fserved. In this region, the multl_-domam structure is partly
| N R e ormed as mentioned above. This washes out the oscillatory
— > behavior originating from the collinear spins with long relax-
H ation time. Thus, théyq, branch disappears. At temperatures

cool

above 75 K, the application of magnetic field easily induces

- > the monodomain structure due to the low coercive field
AT T - (<10 08, and the contribution from the collinear spins re-
e = i appears as the oscillatory polarization. This results in obser-
_ | > vation of thelyg, branch. On the other hand, thg, branch
can be explained based on the spins with short relaxation
times, which locate around the frustrated spin sites. Provided
L2777 P

the reduction of frustrated spin length is faster than that of
% Z the average spin length at temperatures above 50 K, the ther-
(©) Trsg<T<75K . - . .
Y mal fluctuation of spins around the frustrated spin site be-
comes remarkable. When the fluctuated spins combine into a
% % macroscopic magnetic region, the local magnetic induction
in this region becomes small compared with that of the col-
> linear spins. Thus, the field integral deviates downward from
the evaluated value based on the magnetic measurement. As
DBK=T<L, =i > —> the temperature further increases, the spin length at the frus-
—>

trated spin site becomes very short and the melting of frus-
trated spin is brought about as expected, based on the simu-
lation study by Saslow and Parkérin this situation, the
spins around the frustrated spin site fluctuate severely and
the collinear spin component is thereby lost. Therefggg,
decreases with increasing temperature toward zero at a tem-
peratureT, below T.23
The local spin configuration around the frustrated site is
sensitively modified by application of magnetic field as dem-
FIG. 9. The spin freezing process in reentrant ferromagnepnstrated by the systematic field dependence of wavelength-
Ni;gMn,, after the FC procedure, schematically summarized. Thedependent polarization measured at 63/g. 8a)]. The
temperature range is classified into five grou@:T<40 K, (b)  field integrall,y,, Obtained at 57 and 65 K, increases as the
40 K<T<Trse (¢) Trsg=T<75K, (d) 75 K<T<Ty, and(®)  magnetic field increasedig. 8b)] except in the low-field
TksT<Tc. The gray and hatched regions represent the canted angiginn This explains the field dependence oflig branch,
collinear aligned Spins ia)~c), respectively. The whng région - 5s shown in Fig. 7. In addition, the value of éésalso in-
;%rf;egtzgt];|1lécgj(at|lggast%2s;sar?\lj:: iT?hféutzt)r(?ted Spin €M In - 0ases with increasing magnetic field, where it starts from
' P 9 ' ~0 atH=0 [Fig. §c¢)]. This indicates that the spin around
of the domain reorientation induced in the process of dethe frustrated spin site roughly lies along thelirection in a
crease in magnetic field after the FC procedure. Thus, we cazero field, and as the magnetic field increases, it turns toward
estimate the resultant monodomain structure that consists ¢fie z direction accompanied by an increase in spin length.
domains having a magnetization vector canting fromyhe At temperatures betweeR, and T¢, the length of ferro-
direction. This structure should be determined by four kindsmagnetic spins is so short the region of frustrated spins be-
of terms: the effective fieldH; determined by the applied comes microscopic and scarcely contributes to the neutron
field and demagnetization field, the unidirectional anisotropypolarization. Thus, only thk,,, branch is observed along the
field Hy, the uniaxial anisotropy fieltH,, and the effective temperature-dependent spontaneous magnetization.
exchange fielH,, of coupling between adjacent domains. We can schematically summarize the spin freezing pro-
In the temperature region of 50-75 K, the field integralcess after the FC procedure in Fig. 9.
deviates downward from the magnetic data where there is a (1) At temperatures below 40 K, the spin-glass order co-
difference between the values bf, and the magnetization exists with the long-range ferromagnetic correlation in the
data. This is followed by the double oscillatory behaviormonodomain structure.
above 75 K. This characteristic behavior can be interpreted (2) At temperatures between 40 K aiigsg(~60 K), the
based on both the change in the domain configuration andhultidomain structure, in which spin-glass order coexists
the change in spin configuration in a domain. with the long-range ferromagnetic correlation, is partially
As mentioned in the previous work using Méssbauer meaformed.
surement, there are two kinds of distributions of the hyper- (3) At temperatures betweélgsgand 75 K, the multido-
fine field in the ferromagnetic region, which were assigned tamain structure, consisting of the collinearly aligned spins, is
the spins with long and short relaxation times, respectivelyformed. In a domain, the long-range spin-glass correlation
This distribution can be related to the double oscillatory be+eplaces the finite and macroscopic magnetic clusters con-

(e T, <T<T.
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sisting of canted spins, which are located around the frussurement, whose resolution is four-times higher than that in
trated spin site. Thus, two kinds of magnetic regions, onehe previous work, can reveal the detailed structure of
with large and one with small magnetic inductions, coexist.wavelength-dependent polarization, which has not been de-

(4) At temperatures between 75 K anlg, the mono-  tected in any previous work. Therefore, we conclude that the

domain structure is easily formed in a magnetic field used inwo-stage change observed in the previous work is the coarse
the present work. The spins, located around the frustrategphservation of intrinsic behavior of the field integral.

site, fluctuated severely, and therefore have a very small
magnetic induction.
(5) At temperatures betweef, and T, the frustrated V. CONCLUSION

spins melt and the length of the collinear spins becomes very - ,
short. Thus, the canting of spin around the melted spin is The reentrant spin-glass behavior ofgiin,,, observed

significantly suppressed and the corresponding region pdD the Mossbauer measurements and neutron depolarization
comes microscopic. As a result, because of the semi@_nalys's’ was persuasively |r_1terpret_ed based on the mecha-
macroscopic spatial resolution of neutron measurement, tHySMS Of low temperature spin canting and melting of frus-
neutron spin only responds to the average magnetic indudrated spins. We successfully propose a comprehensive pic-
tion in the sample. In contrast to this, Méssbauer measurdure of the spin freezing process and the magnetic nature of
ment, due to its atomic scale resolution, separately observége RSG and FM phases in the typical reentrant ferromagnet.
the two magnetic regions. This results in the appearance dfhe picture is consistent with finding from the simulation
two peaks in the distribution of the hyperfine fiéld. study by Saslow and Parker, except for the absence of sin-
This picture of the spin freezing process of reentrantgularity in the temperature-dependent magnetization. We
NiMn is consistent with the idea of melting of frustrated note that the anisotropic nature of the NiMn system, which
spins, which was proposed for XY-type reentrant spin-glassoriginates from the Dzyaloshinsky-Moriya-type interaction,
However, the present work showed no trace of singularity irPlays an important role in the spin freezing process in addi-
temperature-dependent magnetization due to spin cantin§on to its role in the semimacroscopic inhomogeneity. A
This is consistent with findings from the simulation study for heutron depolarization study of a reentrant ferromagnet hav-
the frustrated Heisenberg systémather than with the ex- ing the magnetic anisotropy with a different amplitude is
pectation set out by Saslow and Parker. Nevertheless, basetgnned in the near future.
on the comprehensive work using some experimental meth-
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We evaluated, ranging from 100 to 120 K under the application
of magnetic fields of 5-90 Oe. Findings demonstrated that the
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