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Interacting ferromagnetic nanoparticles in discontinuous CggFe,o/Al,O5; multilayers:
From superspin glass to reentrant superferromagnetism
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Dipolar superferromagnetism with reentrant low-temperature superspin glass behavior is observed on a
randomly distributed ferromagnetic nanoparticle systems in discontinuous metal-insulator multilayers
[CoggFex(t)/Al,05(3 nm) ], with nominal thickness 1£t<1.3 nm by use of ac susceptometry and dc mag-
netometry. Att=1.0 nm, superspin glass-like freezing is evidenced by the criticality of dynamic and nonlinear
susceptibilities.
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[. INTRODUCTION randomness—reentrance into a SSG phase is encountered at
low temperatures similarly as in amorphdtisand
Dipolar interactions in ferromagnet{&M) single domain nanocrystallin& FM materials. Itis argued_ in this case thgt
nanoparticle assemblies have recently become a matter G and SFM ordering takes place on different percolating
intense researchlt is now widely accepted that a crossover clusters, thus establishing the coexistence of two phases. At
from pure Nel-Brown-typé superparamagneti¢SPM) to  low CoFe concentration, the SFM becomes unstable and
superspin glasgSSG behavior takes place at low enough Only the SSG phase survives.
temperaturgT) for three-dimensiona3D) randomly distrib- DMIM’s consist of layers with closely spaced FM gran-
uted nanoparticle systems for high enough density and suffi/es intercalated between insulating spacer layers. They are
ciently narrow size distributiof? However, transitions into m_tt?]restmgtfor tunntelmg Pal\g/l;getotr_esmtmt?R;;{i)lplllzclatlg]ns
superferromagnetid SFM) long-range order have hitherto with room temperaturéR ) ratios up 1o e n the
been observed only in onéiD) and two-dimensional2D) CoFe/ALO; system, two different p_ercolatlon_ limits were
self-oraanized or reqularly structuredarravs of EM nano- found from transport and magnetic properties, respectively.
org Jor reg y ; Arays o While the change from insulating to metallic behavior occurs
particles. While in most caseSdipolar interactions seem to

. ; above the percolation thresholék=1.8nm!?> SFM long-
preyall, exch_ange_ C_oupllng of the super_moments was alsPange order as indicated by hysteresis appears at RT for
conjectured in distinct casésThe question arises, why St*=1.3nms
SPM-to-SFM transitions have never been observedin ' '
=3 nanoparticle systems even in the limit of nearly close
packing, i.e., at a diameter-to-distance ratis1.* Indeed,
coupling of point dipoles both in 2@and 3D systems was In our present investigation, we employed ac susceptibil-
predicted to form antiferromagnetic domain statddow- ity and dc magnetization techniques by use of a supercon-
ever, it was recently showrhat dipolar stray fields between ducting quantum interference device magnetomé@aran-
finite-size granules(superspins can produce FM coupling tum Design MPMS-55 at temperatures €T<300K,
(henceforth denoted asstiperexchande) and that this ‘su-  magnetic fields |uoH|<5T and frequencies IG<f
perexchangé can give rise to SFM order in 2D granular <500Hz. The CoFe/AD; DMIM’s were prepared by Xe
systems above some critical value,~0.87, but is less ion beam sputtering on glass substrateS.While the ALO;
probable in the 3D case. layer thickness was fixed at 3.0 nm, the nominal thickness of

Only recently we have discovered superferromagnetism ithe CoFe layers was varied between<1té<1.3 nm.
disordered nanoparticle systefisit has been observed in Figure Xa) shows a schematic sketch of the cross section
discontinuous metal-insulator multilaye®MIM )***2 of indicating the glass substrate, the,®} layers of fixed thick-
[CoggFe(t)/Al,05(3nm)]4o at high enough CoFe particle ness 3 nm and the CoFe layers of thicknesshich disas-
densities. Varying at a fixed interlayer distance of 3 nm semble into quasispherical nanoparticles owing to nonwet-
effectively changes the in-plane ratioThus, atr>r., one  ting conditions. A high-resolution transmission top view
can expect 2D-like SFM order, essentially dominated by thenicrograph on a CoFe t€1.3nm)/ALO; (t=3 nm)
above “superexchangg At r<r., however, 3D coupling bilayer® is shown in Fig. 1b) where solid dark circles indi-
dominates, which leads to a SSG state at low endugh cate the CoFe nanoparticles embedded in a gray-scaled

Peculiarly, in the case>r.—as a tribute to intrinsic Al,O; environment. The granules turn out to be nearly

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. (a) Schematic cross section of a DMIM consisting of — 4 4 "'C_)'
substrate, AlO; layers(thickness 3 nmand CoFe layergt) form- A R - X N —
ing quasispherical nanoparticles, afio) transmission top view S o —
electron micrograph of a CoFe=1.3 nm)/ALOs(t=3 nm) bi- — 0 0 e
layer, (Ref. 15 where dark circles indicate CoFe nanoparticles em- - [ / :
bedded into gray-scaled 40, = (C) ! 4
-2 4| 5
spherical having an average diameder 3 nm within a log- |
normal distribution width ofo~2.7° In accordance with
the observed transport propertieheterogeneous nucleation 0 L 0
has to be assumed in these DMIM’s. Hence, the granule size TN T TTITT 1 he]
increases linearly with CoFe layer thicknessvhile their 8 ‘(d) ¢
average clearance monotonically decreases until reaching 3D -
percolation at~ 1.8 nm, where tunneling is masked by con- 4
ventional ohmic conductivity. On the other hand, equidis- ——100Hz
tance between the granules along all spatial directions is ex- 0

pected to occur at~0.9 nm. 0 1I (I)O 20C.). 3(I)O

Temperature [K]
IIl. EXPERIMENTAL RESULTS AND DISCUSSION

FIG. 2. x'(f,T) andx"(f,T) vs T of CoFe/ALO; DMIMs with
t=1.0(a), 1.1(b), 1.2(c), and 1.3 nm(d) measured at frequencies
0.1=f=<100Hz. Note the magnification factor Xp applicable to
all x" data. Inverse curveg (f=0.1Hz,T) with best-fitted

Susceptibility data taken at an ac amplitude(ugH)
=0.4mT in a virtually vanishing external fielgsee below
are shown in Fig. 2 for four different DMIM’s at various

frequencies, 0.£f<100Hz. For thet=1.0nm samplea) Curie-Weiss(CW) lines define the mean-field transition tempera-

x'(f.T) andy"(f,T) ar_e Sim”_ar t‘? data Ob?‘erved_ previously tures,0, as marked by arrowheads together wiith T, andT, (c
on frozen FeC ferrofluidWhile sizeable dispersion charac- 44 ¢ only, whereT,<T,<T,<® (see text

terizes the range 40T<80K, nondispersive Curie-Weiss
(CW)-type decay ofy’ (f,T) with an extrapolated FM Curie
temperaturéd ~58 K is encountered at>80K [see inverse temperatures 55T<65K in fields —0.02< uoH=<0.6 mT
susceptibility curves fof =0.1 Hz and CW plot best fitted in steps of 0.01 mT. In order to warrant thermal equilibrium,
within 200=T=<300K in Fig. 2a)]. the critical slowing down has been overcome by isothermal
Convergence of the peak temperatufgsof x'(f,T) to- ~ waiting times between data points,= 100 and 500 s at
wards a finite glass temperatufg at low-f values is shown >60K and<60 K, respectively. The data were fitted to a
in Fig. 3@ in a double-logarithmic plot of=(2xf) 1 vs  polynomial,M = y;H — xsH3+ xsH>, wherey; is expected
Tm/T4— 1. In order to minimize effects due to nonlinear re- to diverge atT, in case of a collective spin-glasslike phase
sponse(see below the data(not shown were recorded at a transition'? The results are plotted in Fig(l® together with
very small field amplitudeg (uoH)=0.05mT, and frequen- a best-fitted power IaW,X3=Xg(T/Tg— 1)”7 revealing
cies 0.0k f<1 Hz. A best fit of the data to the power law of T,=(50.7=2.3) K, v=1.36+0.53 and Xg= (2.5
critical dynamics’ 7= 7o(Tm/Tg—1)" %, is obtained with  +1.3). 10 % (m/A)?. Within errors, Ty agrees with the value
Ty=(47.1£5.3) K, 75=(6.7=0.4)- 10" 7s, and zv=10.0  obtained from dynamic scalingee above The critical ex-
+3.6. Similar results, albeit with shorter, values, were ponenty is smaller than that observed on spin glassgs (
obtained on FeC ang-Fe,O; nanoparticle systenis' While  ~4).'8 This seems to hint either at a proximity to mean-field
the value ofzv agrees with that predicted for 3D spin behavior (y=1) (Ref. 13 owing to the long-range nature of
glasses? the large “spin-flip” time 7, accounts for the clus- the dipolar interaction, or at spurious blocking processes of
ter nature of the “superspins?*’ large particles within the relatively broad log-normal particle
Nonlinear susceptibility studies corroborate the abovesize distribution(oc~2.7 for t=1.3nm (Ref. 15 in our
conjectured SSG nature of the DMIM system with samples.
=1.0nm. To this end, magnetization curviglsvs H were At higher nominal thicknes¢=1.1nm, a dispersionless
recorded after zero-field coolin@ZFC) from T=300K at background appears in addition to the response curves of the
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Langevin-type SPM magnetization curves are encountered at
high T until finite jumps,AM, occur atH=0 upon cooling
to below T,~150 t=1.2nm) and 240 Kt=1.3nm), re-
spectively.AM grows upon further cooling and signifies the
stabilization of SFM ordering’
) Obviously the SFM system behaves like a soft ferromag-
%15 oz 03 01 02 0.3 net. Just below the respectiWig it is demagnetized in zero
TT, -1 T, -1 field and may be switched into its spontaneous valuéé
==+ Mg by applying external fields in the order0.1 mT.
FIG. 3. Double-logarithmic plots of(@ 7=(2#f)"* vs  The quantity AM/AH). vs T taken from theM(H)
Tm/Tg—1 and(b) xs vs T/T—1 (obtained after waiting timeg,  curve€® measures the linear  susceptibility, x}

as indicategl for the DMIM with t=1.0nm, whereT,=(47.1 =(dM/dH) atT>T.. It sShows : -
. \ = maxs - power-law-like behavior
+5.3) and (50.% 2.3) K, respectively, from best fits to power laws with a critical exponenty=1.5+-0.2 in rough accordance

traight li . . .
(straight lines. with the 3D dipolar oney=1.69%* At T<T, it is roughly

vdi . | bsvst t higher t ; éaroportional toAM, which is a measure d¥l,.
polydispersive glassy subsystem at Rigner 1emMperawires ayqyer temperatures;~120 and 190 K fot=1.2 and

[Figs. 2b)—2(d)]. CW-type highT tails are encountered with . . . i
FM mean-field Curie temperaturé}(t)~114, 165, and 270 1.3 nm, respeptlvely, t.he magnetlz.ayon curéelg. 4 be
come hysteretic as evidenced by finite values of remanence

K for t=1.1,1.2, and 1.3 nm, respectivelsee 1k curves M, and coercive fielH.. Obviously the free-energy barrier

for f=0.1Hz and CW plots best fitted above 240 K in Figs.d o th K intrapl ot . I
2(b)—2(c)]. Below we shall attribute the background curves ue to the weak intrapfanar anisotropy 1S no longer overcome
by thermal activation, and botM, and H. increase upon

to the prevalence of Superexchange® over purely dipolar . .
P b g purely 9ip further cooling to belowT;.?° Since theT; values roughly

couplind in the “percolating” cluster system. It behaves '€ : . oo

like a superferromagnetwith finite in-plane anisotropy, qommde with _the onset of IO\{'\F-d|sperS|on in the ac suscep-

which causes the susceptibility to increase upon heating tc}lb'IIty data[Figs. Z.c)_—2(d)], it cannot be excludgd that the

wards the SFM ordering temperatuf®,<®. Notably, the observed hysteresis is related to the metastability of the re-

dispersionless part of’ (f,T) is unrelated to the loss func- entrant SSG phassee below Ind_eed, we obs_erve a wea_\l_<
time dependence of the hysteresis when varying the waiting

tion, x"(f,T). This is at variance with a recently reportdd T ;
/ ; . time between individual data points, e.g., froga=90 to 900
x'(f,T) curve in a 3D granular system exhibiting two peaks. . Changes oH, of the t=1.3nm sample from 0.085 to

Since both of them were accompanied by sizeable losseg; ; .
P y .065 mT atT=150K may hint at some coupling of the

their assignmen? to a SFM-SSG transition sequence ap- . he | q ics of the SSG
pears doubtful. It should be noticed that the data shown inYSteresis to the lossy dynamics of the component as
evidenced by its frequency dispersitfig. 2).

Fig. 2 were recorded at a weak bias field piHH~ .
—0.6mT due to some remanence of our superconducting The appearance of the background signal hampers an ex-
ct evaluation of the reentrant glass transition for

solenoid. As will be reported elsewhéefethis does not in-
validate our inferences on the phase sequence although |>t,1-°””?- Ngvertheless, tedependence of the shoulders of
x' (f,T) in Figs. 2b)—2(d) allows us to calculate glass tem-

causes a high-temperature shift of the SFM peak. _ )
In order to clarify the nature of the SFM states attributedPeraturestg~60, 75, and 115 K, respectively, from the di-
to our background susceptibility curves, we have measure§fergence of 1/(zf) vs Tp,/Tq—1. Here, Ty, refers to the
the dc magnetizationM vs H for fields —4.5< uoH glassy componen:t after subtracting the SFM background
<45mT in steps of 0.1 mT(for t=1.3nm andT approximated byy’(fma,T), where fy,,=100Hz (t=1.1
=220-260K also with enhanced resolution, 0.005)raT ~ @nd 1.2 nmand 500 HZ (= 1.3 nm)[extended data set; not
temperatures descending from 300 to 80tk (.2 nhm) and showri), respectively. Figure 5 shows _the tentative phase
120 K (t=1.3nm), respectively. Each of the curvézar- diagram, wherd (t) andTy(t) values define the SPM-SFM

tially shown in Fig. 4 was obtained after ZFC from 300 K. and SFM-RSS@" reentrant superspin glass phase lines,
respectively. The mean-field “phase lin€(t) lies slightly

aboveT(t), while the change from SSG to RSSG occurs at
t=ty=1.05nm.

In order to understand the appearance of glassy freezing
in the lowt limit and its gradual crossover into reentrant
SFM behavior, various basic concepts have to be considered.
First, collective freezing into a spin glasslike state requires
frustration and disordér, conditions that are inherent to both
dipolar interaction and random particle distribution. Second,
the prevalence of FM correlations even in the glassy system

FIG. 4. Low-field magnetization curved vs uoH obtained on ~ (t=1.0nm) as evidenced by CW plots in Fig. 2 seems to be
the DMIM with t=1.2 (a) and 1.3 nm(b) after ZFC from 300 K to @ peculiarity of dipolar systems. Qualitatively, it is a conse-
(a) 300, 260, 220, 180, 140, 120, 100, 80 K &hi 300, 260, 220, quence of the energy gain of parallel polar alignments of the
180, 140, and 120 K, respectively. magnetic moments exceeding those of antiparallel equatorial

10"k (a) ]

1 [s]

10° E

1 o t,=500s ;1005

M [A/m]
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300 F—— T o ] also percolating superspin clusters are freezing into random
- o 1 orientations only aff;<T.. The coexistence of SFM with
[ ] RSSG order at lowl does, hence, not invalidate thermody-
200 7] namic principles, which require the SFM state at higto
T [K] possess larger entropy than the RSSG one at Towhis
100 L h principle refutes the idé4that the reentrance might be due
. to blocking of superspinsvithin the SFM subsystem. Be-
I ; RSSG ] sides, such a process would diminish rather than enhance
rSSG - - -
o222, . 2 (Fig. 2 the low-T susceptibility.
1.0 1.1 1.2 1.3
Nominal thickness t, . [nm] IV. CONCLUSION
FIG. 5. Magnetic phase diagram of CoFe/f®} DMIM’s vs In summary, our analysis clearly shows that both dipolar

nominal CoFe thicknessshowing interpolating phase lines SPM- and FM “superexchandeinteractions have to be taken into
SFM (T vst) and SFM-RSSGT, vs t) together with Curie tem- account in all of our DMIM systems. In the “low concentra-
peratures,® vs t, and the tentative vertical SSG-RSSG line tion” range, t<ty~1.05nm, dominant dipolar interaction
(SPM=superparamagnetic, ~ SFEMsuperferromagnetic, RSSG gives rise to a SSG state at IoW At higher “concentra-
=reentrant superspin glass, and SSgBperspin glags tions,” t>t,, “superexchangdeinteraction between close

| enough particles with finite size give rise to a virtually per-

lating SFM cluster and, hence, to a dispersionless suscep-

Ibility background, while the rest of the particles remains
SPM, forming a SSG state at even lowkerStudies of this
new phase and its reentrance propertiesexistence of

ones. Empirically, the onset of ferromagnetism in paralle
arrangements of linear nanomagnets critically depends on t
intrachain distance. A similar “percolation limit” seems to
exist in the random distribution of FM nanoparticles in
DMIM’s. 2% Below this limit, one rather expects a glass tran-

sition atT4 with conventional® concentration dependence as states?) are presently und(.arway.. o .
in dilute FM systems. This transition requires the average The relevance of three-dimensionality in the ordering pro-

nearest-neighbor interactigd) to be smaller than the width CESSES IS yet unsettled. While the r,:l_ppeararjce .Of the SFM
83 of its distribution, wheregT,~ 8. With growingt, the phase is in favor of 2D Superexchangdeinteraction (in case

( - - that it is of dipola? rather than of tunneling excharfgeri-
clearance between nearest-neighbor particles sh(@gsum- . =
ing heterogeneous nucleatfdh hence 8J also grows. From gm!),t_i))?éhktﬁel%(porf?tsaj 10 afndwtgeollowfvalue ?f the
the competition between growing,(t) and T(t), one ex- quanti = (1Ty)(ATr/Alog,of)~0.01 of our glassy

pects the SFM regime to appear above some threshold valu MIM.(tzl'O pm) seems to h'nF at 3D.rather .than at 2D
t=t, for our DMIM’s (Fig. 5). Ehavior. It will be particularly interesting to investigate

; ‘e it DMIM’s with t=0.9nm (equidistant granule case; see
Recently? a comparative study of DMIM’s with=0.9 : . (=t :
and 1.0 nm has shown that both of these samples show S dovg) n _the smglte I(;;\yerl I'r;t't'_lg tge SSlG reg"_':ﬁtgt(’)lt
properties with very similar values dfy, 7o, zv, andy. " §|r3m|g 'j expec;lttoany 9 ydana ogy IWI rel.sl? fh'
However, the order parameter exponeftsbtained froma o uderman-Kittel-rasuya-rosida spin glasses like thin

best-fitted dynamic scaling pfotare markedly different. films of CuMn?®

While B8~ 1.0 in the thin limitt=0.9 nm complies with con-

ventional spin glass resultan thet=1.0 nm sample an un-

usually low valueB~0.6 seems to indicate some SFM clus- We gratefully acknowledge stimulating discussions with

tering, hence, proximity to the SFM phafgg. 5). D. Fiorani, P. Nordblad, and D.G. Rancourt and valuable
Reentrance of a dipole glass ph&B®G) at low tempera-  experimental help by M.M.P. de Azevedo and S. Sahoo.

tures is a consequence of disorder. Analogously as proposédthanks are due to DF@GGraduate School “Structure and

for reentrant amorphous ferromagnétsa comparatively Dynamics of Heterogeneous Systemsind DAAD (Ger-

dense cluster(* percolating backborie) first orders as a many), and to CRUP and PRAXIS XX(Portugal for finan-

SFM network upon cooling to beloW,, while more dilute, cial support.
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