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scattering in zero and applied field for a-FeMn, NiNn and AuFe at 
composition where both ferromagnetic and frustration characters 
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INTRODUCTION 
The term reentrant spin glass (RSG) has been at

tributed to a class of systems which show both fer
romagnetic character and frustration effects. The 
a-c susceptibility X i C first exhibits a sharp incre
ase at Tc ascribed to a. ferromagnetic transition, 
then reaches a plateau value usually limited by de
magnetizing effects [1]. It finally decreases at lo
wer temperature below which spin glass like proper
ties are observed. This behavior was ascribed to a 
transition from ferromagnetism to a spin glass sta
te, hence the name of these systems. This situation 
occurs in many ^ B 1 . xdisordered alloys with compe
ting ferromagnetic and antiferromagnetic exchange 
interactions but dominant ferromagnetism. By varying 
the composition x, an evolution from the RSG beha
vior towards a true spin glass behavior, characteri
zed by a cusp of X > e , is observed at a given compo
sition x c. The interest in these systems has been 
renewed by the development of theoretical models 
[2]. In the mean field theory for Heisenberg spins, 
two distinct transitions are predicted below T e[3]. 
A colinear ferromagnetic state sets up at T e. Spin 
transverse components freeze at a lower temperature. 
Finally, at a still lower temperature T G, another 
transition, reminiscent of the de AimeIda-Thouless 
one in true spin glass, occurs. In this model the 
long range ferromagnetic order persists at all tem
perature via the longitudinal spin component. The 
existence of a freezing process is also found by a 
local mean field approach using Monte Carlo simula
tions for XY spins on a square lattice [4]. In this 
latter model only particular spins are frozen. A de
crease of the magnetization is predicted since the 
frozen spins tip progressively the non frustrated 
ones over. These two models provide two possible 
pictures of RSG. The first one emphasizes the possi
bility of cooperative effects while the second one 
considers mostly local effects. In spite of a great 
deal of experimental activity in the recent past, 
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the situation In real systems is still far from be
ing clear. We present and discuss here results ob
tained by neutron scattering techniques. We have 
studied three different systems, a-Fe^^Mi^ with 
x-0.22,0.235,0.247 (Tc-300,250,220 Kj.Ni^Mn,, with 
x-0.216,0.22 (Tc-330,250 K), Au„ 8 1Fe„ 1 9 

(Tc-160 K). The T G values, determined from the infle
xion point of x t c , lie between 10 K and 30 K. We 
first review small angle neutron scattering (SANS) 
studies in zero and applied field. For one sample we 
could compare the SANS data with Môssbauer experi
ments . In a second part we discuss the dynamical 
anomalies in zero and applied field. 

STATIC CORRELATIONS 
The RSG have been extensively studied by SANS 

[5-7] techniques but the physical pictures proposed 
have often appeared controversial. Here we want to 
emphasize that several q-scales can be defined in 
the SANS. 

1. Zero field experiments 
In a-Fe 1. xMn x or Aa,. xFe x for instance, for which 

the scattered intensity I(q) has been measured in a 
large q-range (10"3 < q < 10 ' 1 Â' 1), two distinct 
dependences with temperature are observed depending 
on the q-scale. 
At very small q (q < 10"2 Â' 1) no critical scatte

ring peak is observed and the intensity exhibits 
thermal irreversibilities. At a given q the I(T) 
curve shows a broad maximum which goes to higher 
temperature as q decreases (fig. 1). The q-dependen
ce at constant T can be analysed with a phenomenolo-
gical law A/(»c2 + q 2 ) * [6]. Good fits are obtained 
for T < 0.5 T c (fig. lb) with a strongly decreasing 
with T at low temperature [8]. In absence of any 
precise model no physical meaning is attributed to 
the parameter tc"1. This small q-scattering reveals 
the presence of large magnetic inhomogeneities which 
evolve continuously with temperature. More precise 



descriptions, assuming changes in a cluster distri
bution or fractal clusters, have been attempted in 
some cases [9]. 
By contrast, in the 10"2 < q < 10'1 À"1 (inset 

fig. 1), an anomalous elastic scattering appears at 
a temperature well below T c (90 K for instance in 
a F e0.765 M n0.235 w n e r e Tc-250 K). This scattering 
increases continuously down to low T. At low tempe
rature it can be fitted by a Lorentzian squared law 
as outlined by many authors [6-9]. 
These two typical behaviours are observed clearly 

in weakly frustrated RSG like the samples discussed 
above. As the frustration increases Che two behavior 
occur in closer q ranges and we expect that they 
overlap for x ̂  x„ where a complex temperature beha
vior is observed [6]. This explains partly the dif
ficulties to define any typical behavior from SANS 
in zero field. Depending on the concentration and 
the q range of the observation, various authors have 
emphasized either a continuous change of the magne
tic state with temperature [5] or the onset of new 
correlations at a characteristic temperature smaller 
than T c [10].Controversial interpretations were pro
posed involving either a break up of the ferromagne
tic order or its persistence down to T - 0. The 
first hypothesis was based on the observation of a 
Lorentzian squared scattering which could be under
stood invoking random field effects [6]. SANS stu
died alone cannot settle this debate. An interesting 
clarification came recently with the direct observa
tion by electron microscopy [11], in zero field, of 
micron size ferromagnetic domains in several weakly 
frustrated RSG. Very interestingly the domain size 
does not evolve with temperature. This result corro
borates polarisation analysis measurements which ha
ve shown a depolarisation of the transmitted neutron 
beam at all temperature below T c [12]. Ve must con
clude that in these systems no collapse of the fer-
romagnetism occurs and that the large inhomogenei-
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ties detected In SANS are Imbedded In still larger 

ferromagnetic domains. A different picture Is expec

ted for x - x c as seen in a-FeNl [Erwin, private 

communication] and In FeAl [13]. 

2. Field effects 

In RSG the magnetisation curves show, after a 

steep Increase In low field, a marked knee between 

0.8 and 1.5 kOe [14,15]. This behavior, not observed 

In spin glasses, rather looks like that of usual 

ferromagnets where the sharp Increase of M corres

ponds to the removal of Bloch walls. However in RSG 

when H Increases further, M(H) shows a residual slo

pe, even when T goes to zero, and complete satura

tion is only achieved at very high field (about 300 

k0e)[16]. 

When q < 10'2 À , the magnetic scattering is sup

pressed by a small field of about 100 Oe. For 

10"* < q < 10'1 Â" ' the anomalous elastic scattering 

strongly decreases with the field but remains visi

ble in all the studied field range (0-10 kOe) and 

seems to persist in higher fields. In this q range, 

like the zero field intensity, the intensity measu

red at constant field decreases when T increases 

from 10 K. Within the experimental accuracy it di

sappears at the same temperature in zero field as in 

applied field (see fig. 3). Moreover very peculiar 

features are observed for H > 1.5 kOe, namely a ma

ximum of the I(q) curve for q - q̂ ,,,. which has been 

reported in many systems [10,15]. This maximum is 

observed for allèche direction (q,H) but its inten

sity is enhanced for q^H [Iq^/IqiH ~ 1.7] which 

shows that the involved spin components are mainly 

transverse, i.e. perpendicular ta the field [10]. At 

low temperature, q M a x varies approximately like 

where D is the stiffness constant [15]. 

Since it is observed near q-0, this "structure" 

corresponds to ferromagnetic correlations between 

the transverse components. The precise origin of the 



* 
6 

maximum is not straightforward. We have suggested 
previously to relate <\mmK to a typical size of some 
characteristic defects, in which the transverse 
spins would perform a 2"* rotation. Although expected 
in 2d XY spin glasses [18] such defects seem hard to 
define in 3 dimensions.Another posssibility is to 
relate the q,^ value to some cut off length. When 
aligning the spins the applied field would suppress 
only the correlations with length higher than a cut 
off value, determined by the competition between 
Zeeman and exchange energies, yielding the observed 
^JH/D law. When increasing the temperature from 10 K 
at constant field, we also observe a small variation 
of q„ a x . but the main effect remains the strong de
crease of the intensity (fig. 3) which can only be 
explained by a decrease of the transverse spi:: 
length. 
In conclusion the onset of elastic scattering be

low T c is associated to a freezing of transverse 
spin components which occurs at a temperature rou
ghly independent on the field in the 0-10 kOe range. 

3. Comparison between Môssbauer and SANS experiments 
U i.ike the neutron scattering experiments, sensi

tive to correlations between spins, the Môssbauer 
technique is a local probe. Môssbauer studies have 
been extensively performed in RSG. A remarkable ano
maly is found in the temperature dependence of the 
m^an hyperfine field h [19] which is usually consi
dered to reflect the length of the mean thermal va
lue of the spin. We report here Môssbauer experi
ments p«rfora«d on the a-F*o.765Mn0.235 s a a P l e P r e" 
viously used in neutron experiments. As usually 
found in other RSG, the distribution of hyperfine 
fields, P(h) exhibits two broad maxima (inset fig. 
4). P(h) varies continuously with temperature so 
that h is not sufficient to characterize the system. 
When analysing P(h) &a the sum of two field distri
butions we can define two mean hyperfine fields h 1 
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and h 2. Both h, and h-, as well as h, exhibit a 
step-like increase around 45 K (fig. 4) which shows 
that the anomaly on h is not an artefact. This ab
normal increase has been usually related to the on
set of frozen transverse spins. However, it appears 
here well below the onset of transverse correlations 
(90 K) determined by SANS on the same sample. The 
difference between the two temperatures seems to 
largo to be explained cnly by the dift?rent time 
windows of experiments. As alreaay noticed, at 90 K 
the h(T) curve departs from the magnetization H'T) 
curve measured at technical saturation 
(0.8 < H < 3.4 kOe), which could be related to the 
occurrence of the frozen transverse spins [12]. Thus 
the comparison between the Hossbauer and the SAMS 
data suggest the existence of two characteristic 
temperatures below T e . Since the first one at 90 K 
has been attributed to the freezing of transverse 
spins, one can wonder about the significance of the 
second one. This point will be discussed below when 
considering the spin waves behaviour. 
To be fully consistent, we should also discuss re

sults obtained by Môssbauer experiments in applied 
field, where the onset of non colinearity between 
the spins is revealed by additional lines in the hy-
perfine spectrum. From the above discussion, we ex
pect that this onset occurs above the h anomaly.In 
AuFe, Nurani [20] pointed out that they could be 
present from T c . However for FeCr [21], the diffe
rent characteristic temperatures nearly coincide. 
Clearly, the difficulty of analysis prevent to draw 
definite conclusions from this kind of experiments. 

DYNAMICAL ANOMALIES 
Propagating spin waves give rise in a constant q 

scan to two peaks corresponding to the absorption or 
the creation of a spin wave. The scattered intensity 
can be analysed in the usual form 
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Kq.w) « k,T X*(q) F(q ,o ) In the kjT • ftù l i m i t . 

X*(q) I s the s t a t i c transverse s u s c e p t i b i l i t y . In a 

standard ferromagr.et X* (q) * q i s temperature and 

energy independent and therefore obtained from the 

energy i n t e g r a t i o n o f I (q ,o i ) . The spec tra l weight 

funct ion F(q,u) d e s c r i b e s the dynamics o f t h e sp in 

system. For a ferromagnet i t contains the d i s p e r s i o n 

law of the spin waves (u(q) - A + Dq2 ,where D i s the 

s t i f f n e s s constant and Ù. an eventual energy gap) and 

t h e i r damping I~(q). A theore t i ca l formulat ion of 

F(q,u) impl ies the knowledge of the mechanism g i v i n g 

r i s e to the damping. In s p i t e of some q u a n t i t a t i v e 

d i f f e r e n c e s , r e l a t e d t o the choice of the spectra? 

funct ion , damped harmonic o s c i l l a t o r (DHO) or double 

Lorentziar (OL), v a r i o u s authors agree wi th t h e sp in 

wave behavior i n RSG e x c e p t a t very low temperature. 

When T decreases below T c , D displays the usual in

crease but then goes through a maximum and s t a r t s to 

decrease . Concomitantly T and X* increase anomalous

l y . The f i n a l e v o l u t i o n i n the low temperature range 

appears s t i l l now rather unclear. In most c a s e s the

re i s a considerable d i f f i c u l t y to get unambigous 

r e s u l t s because of the simultaneous observat ion of a 

huge e l a s t i c s c a t t e r i n g ( see s e c t . I ) and of h e a v i l y 

damped sp in waves w i th low energy. Tnis t e c h n i c a l 

d i f f i c u l t y has been i l l u s t r a t e d i n the s tudy of 

FeCr. The f i r s t neutron measurements on t h i s a l l o y 

(T c -178 K) , which were the f i r s t ones of t h i s kind 

i n RSG [ 2 2 ] , lead to the conclusion that propagat ive 

sp in waves did not longer e x i s t below 25 K sugges 

t i n g the break up of l o n g range ferromagnetic order. 

We have shovr. on the saoe sample [23] , by improving 

the r e s o l u t i o n , that the spin waves can be c l e a r l y 

observed down to 10 K where experimental l i m i t a t i o n s 

prevent unambiguous observat ions . Other s t u d i e s on 

a-FeMn, a-FeCr and a-FeNiZr [24] ind icated a decre

ase of D with an apparent l e v e l l i n g o f f a t low tem

perature where the damping i s large. However i n NiMn 

and a - F e „ ^jjMnj, 23j [ 2 5 ] , the spin waves cou ld be 
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observed down to the lowest temperature. Very sur

prisingly the stiffness constant goes through a mi

nimum before increasing again in the lowest tempera

ture range. Simultaneously the damping exhibits a 

maximum and then decreases again. It must be noticed 

that these features appear on raw data, regardless 

of the model used for the data analysis. This obser

vation was easier in NiMn because of the higher va

lue of D. From a study in Fe^^Mn,, at -.ero field, we 

show that this low temperature behavior can only be 

observed in an extremely reduced concentration ran

ge. For x - 0.22 we observe only a levelling off of 

D below 30K while for x - 0.247(TC - 220 K) , D is 

so small that spin waves cannot be observed £t all 

température [16]. 

We want to emphasize here the interest of applying 

a magnetic field. In usual ferromagnets the field 

induces an energy gap (gl^H) and modifies the scat

tered intensity by changing the domain distribution 

and the static susceptibility (no more divergence at 

q-0) . In RSG another important effect is to reduce 

considerably the elastic scattering (see sect.I). 

The overall result, from an experimental point of 

view, is to provide quite clear data. At a given 

temperature the field dependence of the spin wave 

parameters T.D.x* (q)provides a check of the sensiti

vity of the system to the applied field. On figure 

5, we have compared A, T and D obtained in zero and 

applied field on a-Feo. 75j M no .247 • Around T c the 

field -trongly affects the dynamical properties. Si

milarly to the FeCr case [22] spin waves are obser

ved 10 degrees above T c in a field as low as 

3.4 kOe. Thus long distance ferromagnetic correla

tions seem to be restored above T c by applying a 

snail field. This could be related to the persisten

ce, in zero field, of correlated spins above T c . On 

the contrary, below 150 K, the dynamical parameters 

are rather unsensitive to the applied field. Only a 

slight decrease of T is detected aj the field incre

ases. Like in zero field experiment »e observe an 
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increase of D and a decrease of T~ at low temperatu
re. Since they are observed on the raw data [23], 
these effects cannot be an artefact of the analysis. 
Concomitantly, we observe an abnormal increase of 
the gap above its expected value (gMvH), indicating 
the increase of some intrinsic anisotropy in the 
system. 

In conclusion of this part, the study of the dyna
mics reveals two changes at different temperatures. 
The decrease of the stiffness constant accompanied 
by the increase of the damping and of the transverse 
susceptibility, occurs significantly above the onset 
of transverse spin correlations (elastic scattering). 
This suggests to consider this dynamical anomaly as 
a precursor effect. Very qualitatively one can un
derstand that the onset of transverse components, 
introducing some disorder and non colinearity produ
ces a decrease of the stiffness constant. The incre
ase of D at lower temperature is more intricate. In 
the study of the a-FeMn system we noticed that the 
temperature of the D minimum, although not sharply 
defined, increases with frustration. Thus the incre
ase of D cannot be Interpreted as resulting from an 
enhancement of the ferromagnetic character. Very in
terestingly in a"fe 0 765Mn,) 235 D reaches its mini
mum at about the same temperature as the hyperfine 
field shows its step like behavior (4510. We have 
already noticed the stricking similarities between 
the low temperature magnon anomalies observed in RSG 
and the phonon anomalies observed in molecular glas
ses [26]. In the latter case a theory [27] has been 
developed which relates the increase of the elastic 
constants and the decrease of the damping to some 
blocking transition of the molecules with orienta-
tional disorder. Although an analogy with a magnetic 
problem is not straightforward, the present dynami
cal anomalies could reveal a similar blocking of the 
spins resulting in an abnormal increase of the total 
spin length, thus of the hyper fine field and an in-
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crease of the stiffness constant. Preliminary expe
riments in applied field show this also exist in 
AuFe and therefore is likely general in RSG. 

CONCLUSION 
The overall results show in the weakly frustrated 

RSG studied here, the existence of two scales. At 
low q-values, we observe large inhomogeneities and 
no characteristic temperature can be defined below 
T c. We suggest to relate this continuous temperature 
evolution and the observed irreversibilities to the 
increase of coercivity, which also yields to the 
decrease of the susceptibility and of the low field 
magnetization [1], The observed inhomogeneities co
exist with micron size ferromagnetic domains as 
shown by electron microscopy and neutron depolarisa-
tion. In AuFe, the continuous increase of the magne
tic Bragg intensity shows that there is no breakdown 
of ferromagnetism [5]. The situation could be diffe
rent near x ^ x c where T c is low, in EuSrS [28] and 
in FeAl [13] for which the origin of the difference 
is obscure. 
At a larger q-scale (q * 10'2 À ' 1 ) , the possibili

ty of defining some characteristic temperatures can 
be seriously discussed. We observe the critical 
scattering around T c, then below a lower temperatu
re, an anomalous elastic intensity related to the 
freezing of transverse spin components. Although 
cluster models [5,6] have been invoked to explain 
this latter feature, our neutron experiments in ap
plied field show that the elastic SANS depends on 
the stiffness constant, characteristic of the mean 
medium [15]. At this q-scale, neutron observations 
could then reflect mean field predictions. However, 
as argued previously [29], since the frozen spins 
are ferromagnetically correlated, there is no syme-
try change in zero field and therefore no real tran
sition. Moreover, SANS measurements cannot prove 
that all the spins are colinear above this freezing 
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temperature. In NiMn neutron diffuse scattering 
shows local order between transverse spin well above 
this temperature [30], which shows again the limit 
of the mean field theory. 
When the temperature decreases further, we observe 

in NiMn and a-FeMn in the sane q-range, a very pecu
liar spin wave behavior, namely a second extremum in 
the damping and the stiffness constant variations 
below the first one usually observed. We have sug
gested to relate it to the anomaly of the mean hy-
perfine field which occurs roughly at the same tem
perature. Interestingly in AuFe [5J, below a first 
anomaly ascribed to the freezing process, the Bragg 
peak intensity shows a second one which has been re
lated to the hyperfine field anomaly. This second 
anomaly, which affects the spin dynamics much more 
than the spin correlations, could correspond to a 
cooperative effect like a complete blocking of the 
spins. To have a fully coherent picture, it would be 
important to relate these neutron observations to 
the ESR anomalies and to low frequency measurements 
like out of phase susceptibility. Clearly, a deeper 
understanding of this second anomaly needs further 
theoretical and experimental work. 

Acknowledgements : We are very indebted to G. Jehan-
no who has performed the Mdssbauer experiments and 
I. A. Campbell and H. Hurdequint for enlightening 
discussions. 
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FIGURE CAPTIONS 

Fig. 1. SANS intensity I(q) versus T in the 10"3 À"1 range. In

set: plots at higher q showing critical scattering and an anoma

lous increase well below T c. 

Fig. 2. Plots of I"1/<xversus q 2 showing the decrease of a at low 

T. 

Fig. 3. Raw intensities I(q) at 4.2 kOe and at several temperatu

res: + 10 K; ° 19 K; Û 40 K; x 60 K; ° 80 K; • 120 K; v 200 K. 

The nuclear background is located at about 90 K since no evolu

tion of I(q) with T is observed between 90 K and the critical re

gion. Inset: I_(T) in zero field. Unlike the data of fig. 1, in

tensities are elastic i.e. obtained with energy analysis. 

Fig. 4. Mean hyperfine fields, versus T determined from the hyper-

fine field distribution P(h) (see text). h(T) has been scaled 

with the magnetization m(T) measured at 0.875 kOe. 

Fig. 5a and 5b. Dynamical parameters A, D, C versus T in zero and 

3.4 kOe obtained with DHO and DL analysis. C is related to the 

damping T using a H-Cq* law. Details will be published elsewhere. 
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