-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

REAFEEBUKNSFY

Tohoku University Repository

Size dependent magnetic phase transition in
reentrant ferromagnet NiMn multilayer films

0ad Ogawa T., Nagasaki H., Sato T.
journal or Physical Review. B

publication title

volume 65

number 2

page range 024430

year 2001

URL http://hdl.handle.net/10097/52902

doi: 10.1103/PhysRevB.65.024430


https://core.ac.uk/display/235800102?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW B, VOLUME 65, 024430

Size dependent magnetic phase transition in reentrant ferromagnet NiMn multilayer films
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The size dependence of the magnetic phase transition in reentrant ferromagnet NiMn is investigated.
Multilayer films of NiMn/Cu with thicknesses between 30 and 13000 A are prepared using the ion-beam
sputtering method in an ultrahigh vacuum. The ferromagn@iM)—reentrant-spin-glaséRSG transition
temperatureTrgg is determined based on the irreversibility in the temperature-dependent dc-susceptibility
x(T). The Curie temperatur&; is assigned to an inflection point in th&€T) curve. At thicknesses greater
than 200 A, the transition temperatures are analyzed based on finite-size scaling, and the shift paramdeter
the characteristic length®, at which the magnetic phase transition disappears, are evaluated. For the FM-RSG
transition, A\ ggg= 0.66+0.44 andD%SG~8 A are obtained. For the paramagneti®M)-FM transition, A gy
=1.31+0.28 and a remarkably large value of the characteristic Ieﬁﬁm 43+13A, are evaluated. This
large value oD2,, is discussed in connection with the inhomogeneous spin fluctuation appearing in the FM
phase, which is found based on previoussdloauer observation. The PM-FM and FM-RSG transition tem-
peratures, as functions of thickness, intersect at a critical thickbesst which the FM phase disappears.
Below D, in addition, the spontaneous magnetization disappears in the low-temperature phase. This obser-
vation indicates that there is a vertical boundary line through the thicknés,afthich separates the reentrant
ferromagnet, having a low-temperature RSG phase with ferromagnetic correlation, from the pure spin glass.
This is compared with the magnetic phase diagrams of reentrant ferromagnetic systems.
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. INTRODUCTION T,~T(D) .
—_ =D/, ()
b

In a reentrant ferromagnet, having a large number of an-
tiferromagnetic couplings in addition to a majority of ferro- whereD? is the characteristic length at which the magnetic
magnetic couplings between the individual spins, thephase transition disappears, anib the shift exponent which
reentrant-spin-glasikSG phase appears at temperatures be<characterizes the sensitivity of the magnetic phase transition
low the ferromagnetidFM) phase. The magnetism of the temperature to the decrease in the film thickness. In a film of
RSG phase has been explained based on the two kinds ofnventional spin-glass material, e.g., CuMn and AgMn, the
pictures, i.e., a mean-field-type pictlifeand an inhomoge- relation A\ sc<1, theoretically predicted for the transition
neous picture explained based on the random-field effect. from the paramagneti¢PM) phase to the SG phase, was
the former, the long-range FM order coexists with the spinconfirmed experimentalf® For the PM-FM transition tem-
glass(SG) order in the RSG phase. In contrast, the latterperatureT¢ in regular ferromagnetic films, in addition, a
predicts that the long-range ferromagnetic order is brokewalue\ gy of 1-2 has been observéd.**The FM-RSG tran-
when the system undergoes a transition to the RSG phase. éition temperaturélrsg, of a multilayer film containing a
addition, the FM phase, located at temperatures above theentrant ferromagnet NiMn, was studied in a NiMn layer
RSG phase, shows a dynamic behavior characterized by thickness ranging from 100 to 5000'Aand a scarce size
chaotic nature similar to that of the spin-glass pHfa$eis  dependence was observed. Due to the insufficient informa-
characteristic, different from the robust nature of the regulation regarding the size-dependent magnetic properties of the
ferromagnetic phase, has not been sufficiently interpretedeentrant ferromagnet, however, there remain the following
based on the established models. Thus there remains sorgaestions to be answered.
ambiguities related to the magnetism in the RSG and FM (1) How is the FM-RSG transition temperature dependent
phases in the reentrant ferromagnet. on film thickness in the thinner thickness region? Is it similar

It is well known that the magnetic phase transition tem-to that of the PM-SG transition in canonical spin glasses?
perature in a magnetic thin film decreases as the film thick- (2) Do differences exist in the size-dependent PM-FM
nessD decreases. In a comparable thicker film where thdransitions between reentrant ferromagnet and regular ferro-
magnetic phase transition temperatli{®) deviates slightly magnetic materials? Does the chaotic nature of the FM phase
from the bulk transition temperatufB,, the following ex- in the reentrant ferromagnet reflect size dependence?
pression, based on finite-size scaling, can be applied to ana- (3) Is it true that, provided the value ofgy, for the
lyze the thickness- dependent data: PM-FM transition is larger thah g for the FM-RSG tran-

0163-1829/2001/62)/02443@6)/$20.00 65 024430-1 ©2001 The American Physical Society



T. OGAWA, H. NAGASAKI, AND T. SATO PHYSICAL REVIEW B 65 024430

sition, as expected from previous studies of canonical spin ET vy
glasses and regular ferromagnetic materials, only the SG \/ e N
phase can survive in the thinner thickness region? If this I £

situation is realized, what is the magnetic nature of the low-
temperature SG phase?

In the present study, we examine the multilayer film of the
typical reentrant ferromagnet NiMn as a function of thick- :
ness in order to answer the above questions. The disordered 4
alloy of NiMn with Mn concentrations from-19% to 23.9% Al ' {
has the typical properties of a reentrant ferromagnahe Pl AU F TSP PPN Pl atra
RSG is phase has been characterized in terms of a mixed 0 1 2 3 4 5
state of spin-glass ordering and ferromagnetism through the 26 (deg)
observation of a ferromagnetic domain using a transmission
gle(?tron mICI’O.S(;OpéG, and by means.of a neutron deF’O'ar' [NiMn52 A/Cu36 A]5, multilayer sample. Four peakdenoted by
|z§1t|0n anaIyS|§. We_ prepared multilayer f|_|ms of NiMn arrows, corresponding to the multilayer periodicity, are ob-
with a Mn concentration 0t22%, apd detgrmlned the_ phase served. The solid lines indicate the best fit of the intensity to(8.
transition temperatureBe andTrsgin a thickness region of - yith the parameted=12 A. The inset shows the €ifi,—n? plot
30-13000A. The following characteristics were found in thefor the peaks, and the best fits to E8) and denoted by the solid
size-dependent phase transitions: both valued @fs and |ine.

D% for the FM-RSG transition are comparable with those

of the canonical spin glasses. On the other hand, the magnenergy of 500 eV at an incident angle of 0°, i.e., normal to
tude of \gy for the PM-FM transition is intrinsically the the film surface. The composition of the NiMn film was de-
same as that of regular ferromagnetic material, although theermined by means of inductively coupled plasma mass spec-
characteristic lengtiD®,, is significantly large. As a result, trometry(ICP MS).

the PM-FM transition is more sensitive to change in the film Figure 1 shows the x-ray-diffraction pattern of
thickness compared with the FM-RSG transition. This result§ NiMn52 A/Cu36 A]5, in which four peaks, corresponding

in the disappearance of the FM phase at thicknesses thinnto the multilayer periodicityA, are observed. The Bragg's
than the critical thicknes®, (~60 A). This kind of size- law for themth peak, in the small-angle region, is expressed
dependent instability can be related to the spatially inhomoas™

geneous nature of spin dynamics inherent in the random

magnetic system. In the same thickness region, in addition, a Sir? 6 :(m_M
collapse of the spontaneous magnetization is observed in the mol2A

lower-temperature phase. This correlation in magnetism in here,, is the peak anglé,, is the wavelength of the x ray,

both magnetic phases is discussed in comparison with th i the multilaver periodicity. and &is the compensation
magnetic phase diagram of a reentrant ferromagnet, in whic tyer pe Y, a mp 2
erm for refraction. A linear relation between %#, andm

a vertical phase boundary exists near the multicritical point . e . . .
s observedthe inset in Fig. 1 This results in the period-
;(l)agz%go separate the reentrant ferromagnet from the pure spif(\fﬁy A of 88 A based on Eq(2). Furthermore, the well
controlled periodicity of the multilayer film was also con-
firmed based on the depth profile of SIMS for
Il. SAMPLE PREPARATION AND CHARACTERIZATION [NiMn39 A/Cu30 A]3O in which 30 peaks, related to NiMn
ﬂ.pd Cu layers, appeared alternatéiyig. 2). This level of
uality of structure was maintained even for the thinnest

NiMn layer. The width of the intermixing layer on the

n2
-
o
T
1

Intensity

FIG. 1. Small-angle x-ray-diffraction data of a

2
+26, )

The sample was prepared on a quartz substrate at roo
temperature by a multitarget ion-beam sputtering system i

. _ —9

an ultrahigh vacuum chambébase pressure-10 _4Torr). NiMn/Cu boundary was calculated based on the trapezoidal

The argon sputtering pressure was less thatil@ “ Torr. . . : . . .
model, which is based on a kinematical diffraction

The deposition rates were 0.22 and 0.38 A/sec for NiMn an 223 . . .
Cu, respectively. The thickness of the NiMn film rangedqer;i)?gse dT;Se total scattering intensiyfor themth peak is

from 30 to 13000 A. For NiMn layer thicknesses below
1390 A! the muItl!ayer sample was prepgred to obtain a mag- I =14l JJF(M)[2L(m), 3)
netic signal sufficient for the magnetic measurement, in

which a 300-A Cu spacer was used to prevent the exchangeherel, is the scale constant, is the Lorentz polarization
coupling between NiMn layer$:’® A Cu capping layer of factor, F(m) is the layer structure factor of the multilayer,
600 A was deposited on the multilayer to prevent the NiMnwhich is inversely proportional to the width of the boundary
layer from oxidization. The periodicity in the NiMn/Cu intermixing layerd, and L(m) is the Laue function which
multilayer was determined by analyzing the small-anglehas a magnitude dfi? (N is the number of the NiMn/Cu set
x-ray-diffraction dat&’ with a CuK « line. The depth profile when the Laue condition is satisfied. We evaluated the inter-
of the NiMn/Cu multilayer sample was also analyzed usingface widthd of 12 A using the least-squares fit of the decre-
secondary-ion-mass spectromet8iMS) in the area of 140 ment of the relative intensity of the four peaks to E§)
um?. The measurement was performed using ah ithpact  (shown using the solid lines in Fig).1This corresponds to
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FIG. 2. SIMS depth profile of thgNiMn39 A/Cu30 A],,
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sample. Thirty alternating peaks corresponding to NiMn and Cu 0.6 ]

layers are observed. =04 .
- . . . 0.2 -

three or four times the atomic spacing of the boundary inter-

mixing layer if the bulk lattice constant is unchanged in the 0.0k . L : ' : ! =t

film.2* The Mn concentration of 22 at. %, located in the 0 40 80 120 160

reentrant ferromagnet regime, was determined from the Temperature (K)

ICP MS.

FIG. 3. Temperature dependence of the dc susceptibjlity
samples with thicknesses between 30 and 13 000 A. The error in the
11l. MAGNETIC DATA AND DISCUSSION dc susceptibilityy is smaller than the plot size.

A. Thickness dependence of ggg and T¢ to a temperature at which the irreversibility appears between
FC and ZFC data and an inflection pdhappearing at a

Magnetic measurements were performed using a SLJpe{émperature higher than the plateau region, respectively,

conducting quantum interference de\_/i(_:(_e magnetometer. Ti\ﬁhere these are denoted by arrows in Fig. 3. We note that the
temperature dependent DC susceptibility defined as the gy freezing temperature of 49 K, evaluated in the thickest
ratio of the magnetizatioM to the applied fieldd, was  qample. corresponds to a Mn concentration of 22 at. % in the
obtained gnder .zero—fleld-cooIQﬂFC) and the f|¢|d—cooled magnetic phase diagrathwhich completely agrees with the
(FC) conditions in order to evaluate the magnetic phase tranresylt of ICP MS. On the other hand, the Curie temperature
sition temperatures, i.€Trsg andTc. In order to evaluate of 99 K in the thickest sample is significantly lower than that
the spontaneous magnetization in the RSG phase, magnegf a bulk sample having the same Mn concentraffofhis
zation was measured at 6 K as a function of the figld,  may reflect the sensitivity of the FM phase to the change in
which was applied parallel to the film surface during coolingsample preparation condition. Figure 4 shows the thickness
the sample from a temperature above.'® dependences ofgsg and T. First we pay attention to the
Figures 3a) and 3b) show the temperature dependence ofbehavior ofTrgs. As the thickness decreases from 13 000 to
the dc susceptibility of NiMn thin films, with thicknesses 130 A, Trsg shows a decrease of 8 K. This decrease is con-
ranging from 30 to 13000 A. We can observe the thermabistent with the previous result of a RSG-NiMn/Cu
irreversible behavior between ZFC and FC data at lowemultilayer film** In the thickness region thinner than 91 A,
temperatures in all the samples. At thicknesses greater thalrsc Shows a steplike decrease. This singular change will be
91 A, in addition, the plateau region can be observed aroun@onnected with the instability of the long-range FM order in
40 K, although it becomes narrow as the thickness decreasesec. Il B. Provided that the data with>200A are ana-
These characteristics, observed above 91 A, are typical of tHgzed using Eq(1),” the best fit is realized using a charac-
reentrant ferromagnet. Below 65 A, a broad peak replaceteristic length Dsc=8"5'A and a shift exponentgsg
the plateau. This suggests the change in the magnetic nature0.66+ 0.44 as denoted by the dotted curve in Fig. 4, where
of the NiMn film appearing between 65 and 91 A, as men-the comparative large error of the parameters is attributed to
tioned below. Based on this temperature-dependent dc suthe low precision for a determination dksg, based on the
ceptibility, the magnetic transition temperature can be evaluZFC and FC curves of(T). The present value dd%¢ is
ated as functions of the film thickness. The spin freezingcomparable to the value reported for the other typical spin
temperaturd rsc and the Curie temperatuiie: are assigned glasses, as shown in Table I. The shift exponent is intrinsi-
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120 T T the order of several monolay€ef&™ The shift exponenk gy
100 ® Te is almost the same as that of ferromagnetic Ni, as shown in
‘ 4 Thso Table 12%M The large value oDY,, implies that the ferro-
o 8o i magnetic ordering in a reentrant ferromagnet is easily broken
o o 3 . as the thickness de_creases, _in com_parison with the regular
|-2 60 . ferromagnetlc materials. This instability can be related to the
5 . P % Mossbauer observation in the FM phase of a NiMn reentrant
= 40r - ] ferromagnet? i.e., small regions consisting of spins with
20l ,; /x SaeFm | large amplitudes of fluctuation existing in the ferromagnetic
s b matrix. Provided that the film thickness is comparable to the
PN A characteristic length scale of this region, the long-range fer-
10’ 10° 10° 10* romagnetic order should be unstable. Thus the present evalu-
NiMn thickess (A ) ation of DY, can predict the size of the spin fluctuation re-

gion (~40 A). Thus this kind of spin fluctuation can bring
about a distinction of size-dependent behavior between the
FM phase in a reentrant ferromagnet and the regular ferro-
magnetic phase. In addition, this may be related to the cha-
otic behavior observed in the FM phasén the other hand,
The agreement okgy between NiMn and Ni suggests that
the temperature-dependent change in the ferromagnetic cor-
relation intrinsically originates from the ferromagnetic Ni-Ni
ﬁair correlation. At the thinner thickness region, the determi-

. nation of T becomes ambiguous because the plateau region,
Next we focus on the Curie temperatdrg. The decrease observed in the temperature-dependent dc susceptibility, be-

in Tc is T%fe rem%rkamedcompﬁfe(:].Wghzsea g'g" a de-f comes indistinct. At thicknesses below 65 A, we cannot ob-
crease of 23 K, observed as the thickness decreases frofi e any characteristic peculiar to the FM phase. In addi-
13000 to 130A, is three times larger than thatTefg. In

X ) tion, we should note that the crossover of the thickness-
thg range W'trD>20(_)’,B" T‘? was apalyzed as a fupctlon of dependent curves Ofgsg and T appears at approximately
thickness based on finite-size scaling. The best fit is observegly’ (Fig. 4. This coincidence is consistent with an expec-
using a characteristic lengtp, of 43=13A and a shift a10n pased on the difference of paramet®fsand \ be-
exponent\py of 1.31+0.28. The value oDy, is signifi-  tween two phase transitions, i.e., only one magnetic phase
cantly larger than that of the ferromagnetic Ni, which is onappearing below the PM phase at thicknesses thinner than

the critical thicknes® .. Thus we claim that the FM phase
TABLE I. The shift exponenh and the characteristic lengih° disappears in the NiMn thin film belo® .~60 A. This will
for spin glass and ferromagnetic materials. MC shows the Montgye supported in Sec. Il B by an evaluation of the spontaneous

FIG. 4. Thickness dependence Bfgg (denoted by the open
triangle) and T (denoted by the open cirgleThe dotted and solid
curves indicate the best fits ksgandT¢ to Eq. (1), respectively.

cally the same as that evaluated for the other spi
glasse$°?"and in a Monte Carlo simulation of Ising spin
glass?® After all, the size dependence @t is indistin-
guishable from that of canonical spin glasses, except for th
behavior at thicknesses thinner than 91 A.

Carlo simulation. magnetization at a low temperature.
Material A D (A) or (ML)
B. Magnetic phase diagram of reentrant ferromagnet NiMn
Spin glass NiM#A 0.66+0.44 813’ thin film
CuMn/sF 0.63-0.15 30-35 In this section, we propose a magnetic phase diagram of a
CuMn/Cif 0.91+0.25 0~10 - WE propose a magnetic phase diag
CUMN/ALOL 0,64+ 0.07 20+ 1 reentrant ferromagnet NiMn in the form of a thin film. For
eg s e 0 this purpose, the magnetic nature of the low-temperature

AuF ‘ i 1 phase should be clarified at thicknesses thinner BxanThe
AgMn 0.77+0.12 -

thermal irreversible behavior, observed in the ZFC and FC

MC of Ising systeri  0.77 - susceptibilities, is observed below the cusp temperature in a

Ferromagnet NiM#A 1.31+0.28 43-13 thickness regime below 65 fFig. 3(b)]. In addition, a uni-

Ni(poly)" 133013  6+0.3 ML directional anisotropy, peculiar to the spin glass NiMn, can

Ni(112) 1.4 oML be observed down to the thinnest thickné38 A), although

the magnetization curve will be shown in a following

Present study. paper® Thus a spin-glass nature is retained even in the thin-
bReference 6. nest sample in the present work. Next we examine the spon-
‘Reference 7. taneous magnetization in the low-temperature phase accord-
YReference 8. ing to the method of Abdul-Razzaq and KouvelThe
°Reference 27. magnetization, which was measured at a fieldHgf,, after
'Reference 9. field cooling the sample from 300 K to the measurement
9Reference 28. temperature at the same field, was plotted as a function of the
"Reference 10. applied field in Fig. 5. From an extrapolation in the low-field
'Reference 11. range toH.,,=0 with a straight line, the spontaneous mag-
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1.2 T based on the mean-field picture, in which a low-temperature
RSG phase with ferromagnetic correlation is separated from
1.0 . a pure spin glass phase by a vertical boundary line through a
multicritical point!® In addition, a similar vertical boundary
__os 7 line, between RSG and SG phases, was also observed in the
g magnetic phase diagram of a reentrant antiferromagnetic sys-
E 06 7 tem FeMn,_,TiO3.%! This suggests that the relation be-
= tween the disappearance of a FM phase and the successive
0.4 T disappearance of the ferromagnetic ordering in a spin-glass
phase is a universal characteristic in the reentrant ferromag-
0.2 1 netic system. Therefore, we claim that the study of the size-
0o . - — " dependent magnetic behavior of a reentrant ferromagnet is
) 4 8 12 16 20 24 very effective in obtaining direct evidence of this relation.
Heoor (O€)
FIG. 5. A magnetizationts6 K is plotted as a function ofl o, IV. CONCLUSION

for several samples with various thicknesses. The solid line indi-

cates the least-square fits in the Ibly,y range. The size dependence of the magnetic phase transition

temperature in the reentrant ferromagnet NiMn was investi-
o - ) gated using well-controlled multilayer films of NiMn/Cu. At

netization can be verified at 130 and 91 A. In thinneripicknesses greater than 200 A, the PM-FM and FM-RSG
samples of 65 and 30 A, a zero spontaneous magnetization i&nsition temperatures were analyzed based on finite-size

observed. Thus the magnetism of the low-temperature phasggjing. The remarkably large value of the characteristic

in a sample with a thickness below 65 A, can be characterrength DEM' observed for the PM-FM transition, indicated

ized by_ a pure s_pin-gla_ss hature W.ithOUt Iong_—range fem?fhe spatially inhomogeneous spin dynamics appearing in the
magnetic correlation. This can explain the steplike change iy, phase which was found based on the previou&so
the spin freezing temperature appearing between 91 and §2, \ar observation. The two curves of the thickness-

éébgﬁusﬁézg Ct?:;‘sgiicz:lorghaoﬁeliel;lr:ir':ﬂ pg%ii:rznsgiir?nutlgrt']‘ependent transition temperatures, obtained using the best-fit
P 9 9 arameters oD® and\, intersect at a critical thickness, .

ch_ange in the transition temperature as a f“F‘C“‘?” of fil he disappearance of the ferromagnetic characteristic was
thickness. In addition, we emphasize the following importantycarved belovD... In the same thickness region, in addi-
c* H

perspective: the disappearance of the FM phase is accompglsy | the spontaneous magnetization disappears in the low-

nied by_ a §|multaneous disappearance of the ferromagne"’t‘émperature phase. After all, the ferromagnetic ordering is
correlation in the low-temperature phase. Therefore, we €a0imitaneously broken in FM and RSG phases when the
propose the_ m?‘Q”E“C phase Qiagram of reentrant ferromagsiciness decreases By, Thus there is a vertical boundary
net NiMn thin f|.Im as fOIIOWS(F'g‘ 4. L line through the thickness dd., which separates the reen-
(1) In the thickness region aboud., which is 'OC"?‘ted. ant ferromagnet, having a low-temperature RSG phase with
between 65 and 90 A, as shown by the hatched area in Fig. ' ferromagnetic correlation, from the pure spin glass in the

a conventional reentrant phase transition is observed; i.e., FiMn system. This observation is a common characteristic
the temperature is lowered, the system undergoes a transiti magnetic phase diagrams of reentrant ferromagnetic
from a PM phase to a FM phase, and further undergoes stems

transition to a RSG phase, in which the spin glass and long-
range ferromagnetic correlation coexist.
(2) Below D, a pure spin-glass transition is observed, ACKNOWLEDGMENTS
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