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Magnetic structure observed in an applied field in reentrant
Aup 81Fep 19 and Nip glMnp 19 single crystals
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Spin correlations have been studied in two reentrant single crystals, Aup 8l Fep l9 and
Nios&Mno ~9, by small-angle neutron scattering at low temperature (11 K) and in applied fields in
the range of 1.5 to 8 kOe, They reveal the existence of a magnetic structure, in all q directions,
which can be attributed mainly to transverse spin components. These results, which are insensi-
tive to the crystal orientation, corroborate previous observations in polycrystalline Ni078Mn022 and
amorphous (Fe~ —,Mn )i&P~686A13 systems. The overall similarities found in these three systems,
which have very diA'erent nuclear structure or a different kind of chemical short-range order, are
very remarkable. Measurements of the elastic scattering contribution carried out in the 11 to 200
K temperature range at constant field on Ni08lMnol9 reveal that the structure disappears well
below T, at a temperature which could be assigned to the canting transition of mean-field theory.

The observation of an isotropic magnetic structure in
the presence of an applied field in "reentrant" metal-
lic polycrystalline NiQ 78M nQ 22 and amorphous
(Fe~ „Mn„)75P/sBsA13 (Refs. 1 and 2) has raised several
questions which have led us to perform further small-
angle neutron scattering experiments. The choice of sin-
gle crystals NiQ8~MnQ ]9 and AuQS~FeQ ~9 is aimed at
checking whether the polycrystalline state introduces
some spurious effects related to grain average. . The study
of a third system, AuQ &9FeQSI, very well characterized by
other techniques, was undertaken in order to confirm the
generality of this magnetic structure. Moreover, compar-
ison between NiQ i9MnQ 8~ and AuQ ~9FeQ 8~ was of special
interest since they are known to exhibit chemical short-
range orders (SRO) of very diA'erent kind (tendency to
Ni3Mn order in the first case, and to the formation of
Fe-rich platelets in the second case). Hence the
inAuence, if any, of the SRO may be determined. The
present experiments reveal the existence of a similar struc-
ture in AuQ 8~FeQ ~9 which supports the generality of these
observations in the reentrant spin-glass state. The tem-
perature dependence of magnetic correlations at constant
field has only been studied in NiQ8~MnQ i9, since the
strong neutron absorption of Au would require prohibi-
tively long counting times for AuQ 8~FeQ ~9.

We report here neutron scattering measurements ob-
tained by two distinct techniques: diffraction experiments
at small angle (SANS) and elastic experiments. The
SANS diffraction experiments are only meaningful when
the contribution of the inelastic scattering to the measured
intensity is negligible, i.e., only at the lowest temperature
(11 K) in the present case. The measurements have been
carried out on the D11 spectrometer at the Institut Laue
Langevin ILL reactor using a XY multidetector. Scat-

tered wave vectors in the range 10 & q ( 1.3 10 ' A.
were obtained with an incident wavelength of S.S A and
sample to detector distances of 5 and 2.5 m. The
NiQS~MnQ ~9 and AuQ8~FeQ i9 samples were, respectively,
10 and 0.8 mm thick and had no specific orientations with
respect to the field, but orientation effects were checked as
explained below. The data have been corrected in the usu-
al way for sample environment scattering and detector
eSciency, and gathered in sectors of 30 in the detector
plane. The intensities have been put in bsr ' atom ' by
reference to the incoherent nuclear scattering of a slab of
nickel single crystal. The elastic experiments enable sepa-
ration between the elastic component and the spin waves,
the contribution of which increases with temperature.
Elastic measurements have been carried out on the three-
axis spectrometer 4F2, at the Orphee Reactor (LLB) with
2.28 meV of incident energy and 60'-25'-20'-20'-20' of
collimation resulting in an energy resolution of 15 peV.
The magnetic field was applied parallel to the scattering
vector direction. Data were background corrected by sub-
tracting temperature-independent spectra obtained be-
tween 120 and 200 K, i.e., in the ferromagnetic state (cf.
below). The present measurements were carried out be-
tween 11 and 200 K in applied fields up to 8 kOe. The
characteristic temperatures were determined from suscep-
tibility measurements in our samples. The Curie tempera-
tures are 260 and 160 K for NiQ8iMnQ f9 and AuQS~FeQ f9,
respectively. The spin-glass freezing temperatures Ty can
be deduced from the inAection point in the low-
temperature decrease of the susceptibility which corre-
sponds to a maximum of the imaginary susceptibility
Z"(T) (Ref. 5) and evaluated to about 30 and 25 K in
NiQS~MnQ i9 and AuQ8~FeQ ~9, respectively. As already
mentioned, the dominant feature of the observations is the
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FIG. l. Nips'Mnp}9. I(q) intensities at 11 K for H=6.4
kOe, a 0 (0) and H=7.6 kOe, a 0, 30, 90 (~,o,~). The
continuous line is the best fit obtained using the sum of a double
Lorentzian (DL) function and a Aq ' contribution. The
dashed lines are best fits obtained with DL only using data trun-
cated at q =0.025 A ' (see text).
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FIG. 2. Aup8'Fep'9. I(q) intensities at 11 K for a 0 at
H 4.5, 6.4, and 7.6 kOe (~,0,~) and for a=90 at 7.6 kOe
(a). The continuous lines are best fits obtained with a double
Lorentzian function and a Aq ' contribution. I(q) at T 290
K (2T, ) is plotted for comparison (O).

existence of a maximum in I(q), the position of which is
isotropic but strongly field dependent, while the intensity
is a function of a=(q, H), the angle between the scattered
wave vector and the field. We examine below first the q
and a dependence of the scattering at 11 K, and then its
temperature dependence (for the NiMn case only).

(1) q dependen-ce analysis of the scattering. Figures 1

and 2 illustrate the observed scattering I(q, a=0) as a
function of the field at T=1 1 K for both systems. A
well-defined maximum is observed in WiMn while in
AuFe the intensity looks rather like a shoulder on a strong
q-dependent contribution at the smallest q values (q
=0.02 K '). The presence of similar features at any an-
gle is also illustrated in Fig. 1 (a=30' and 90 ) and Fig.
2 (a =90'), even if slightly smeared out by the decrease
of the intensity when a increases up to 90 . A precise
analysis of this structure, especially in Aup S~Fep ~9, is im-
peded by the existence of the strong low-q scattering. The
latter scattering may have different origins nuclear as well
as magnetic (surface defects, dislocations, etc.). Its im-
portance with respect to the magnetic signal of interest is
most likely due to the small volume/surface ratio of the
Aup8~Fep f9 sample, necessitated by the strong neutron
absorption of Au. A measurement at T =2 T, reveals the
persistence of magnetic scattering, thus preventing direct

measurement of the temperature-independent low-q nu-
clear contribution. The incoherent scattering (isotopic,
chemical, magnetic) has been evaluated in both systems to
less than one hundred of millibarns, and is therefore negli-
gible. Furthermore, in both cases a rotation of the single
crystals around the incident neutron axis revealed that the
low-q intensity is slightly dependent on the crystallo-
graphic direction. On the contrary, the magnetic struc-
ture appearing at larger q is independent of the sample
orientation and for q~0.02 4 ', the observations in
Ni&-„Mn„are completely similar in the single crystal and
the polycrystalline samples. A subtraction of high-
temperature scattering as done previously' being unsat-
isfactory, because of the residual magnetic scattering, we
tried to account for it in the data analysis by an empirical
modelization in an Aq law. The larger q contribution
was tentatively described by a double Lorentzian (DL),

r r
r'+(q —qp)' r'+(q+qo)'

as in Ref. 6. A constant term added to account for a pos-
sible incoherent scattering was found to be negligible in
all cases. In the Nip 8~Mnp ~9 system, where the structure
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is well shaped, this parametrization was unable to describe
the data correctly. An alternative analysis consists in con-
sidering only data for q ~ 0.025 A ', modeling them by a
DL only. It yields fits of better quality but with a sys-
tematic discrepancy as the low-q intensity is found weaker
than expected from Lorentzian law (see Fig. 1). (This
discrepancy would be still larger if there remained a slight
contamination of the neglected low-q part. ) The same ob-
servations were made in polycrystalline Ni078Mn022 and
amorphous Fe-Mn-P-B-Al, indicating a systematic asym-
metry in the structure shape. We reach the same con-
clusions using a double-squared Lorentzian law instead of
DL functions. We notice that the squared Lorentzian law
yields much better fit at large q (q &0.1 4 ') than the
Lorentzian law. In the case of Aup8iFeo i9 we obtain
good fits with the sum of a double Lorentzian and a Aq
law (Fig. 2). However, this system, for which the magnet-
ic structure is more hidden by the low-q part, as men-
tioned above, cannot provide a good characterization of
the real structural shape. The bad fits at low q prevent us
from drawing any physical meaning to I values. Howev-
er, the deduced qo and B values corroborate the previous
qualitative observations: namely, the decrease of the in-
tensity at the maximum and the shift of the position of the
maximum toward larger q values as the field increases. It
should be noticed that in the range 2 to 8 kOe, where the
experiments have been performed, the magnetization
varies only a few percent: Thus the observed decrease of
the magnetic intensity with field is induced by a change in

the correlations, and cannot be explained by a change in
the mean spin components.

(2) a dependence of the scattering In all the s. ystems
studied the magnetization measurements indicate an ap-
parent saturation of the magnetization at rather low fields
(about 1.5 to 2 kOe), allowing a meaningful distinction
between transverse and longitudinal correlations to be
made. The magnetic scattered intensity may be written
from the general neutron cross-section

I(q) " &M„~ )e' " ''
d rd r',

with the single assumption of an uniaxial symmetry:

I(q, a) =cos a2T(q, a)+sin a[T(q, a)+L(q, a)], (1)

where T(q, a) and L(q, a) are the Fourier transforms of
the correlation functions of spin components perpendicu-
lar and parallel to the mean magnetization, respectively.
In Fig. 3 the a dependence of the intensity at some q
values and 0 values for both samples is reported. Except
in the low-q range (q ~ 0.03 A ') the intensity follows
fairly well an 8 sin a+Bcos a law, even though a slight
systematic discrepancy is observed in all samples. This
implies that the spin correlations (T and L) are nearly a
independent: i.e., isotropic in real space. If we look at the
ratio

l(q, a =0) 2T(q)
I (q, a =90 ) L (q) + T(q)

we find that beyond a minimum field value which corre-
sponds to the "apparent saturation" field in the magneti-
zation curve, this ratio does not vary with the field, keep-
ing the value of about 1.55 (to be compared to the value of
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FIG. 3. I(a) at constant q, for typical q and H values. The
continuous lines are a guide for the eye. The dashed lines are a
fit using a Asin2a+Bcosza law lEq. (1) in the text]. (a)
Aup. siFep ~9, (b) Nips~Mnp j9 (c) anisotropy ratio R(q) at zero
field and two field values in Auos~Feo. ]9.

1.7 found when high-temperature data are subtracted as
was done previously ). This means that the longitudinal
part is less than ~ of the total scattering (a =90 ) and in-

dicates that the observed structure is dominated by a
specific arrangement of the transverse components rather
than by a modulation of the longitudinal ones, which
would yield R & 1. But the longitudinal correlations
clearly contribute to the observed structure as they vary
with the field in the same way as the transverse correla-
tions (R is H independent). We emphasize that the R
value is not directly related to the ratio between the mean
longitudinal and transverse spin lengths, i.e., the canting
angle. This last quantity can be deduced, for instance,
from the comparison between the "saturation" magnetiza-
tion value, or the magnetic Bragg intensities (S, ) and the
Mossbauer data (related to S ).

(3) Temperarure dependence The tempera. ture depen-
dence of the magnetic correlations has been measured
between 11 and 200 K at 5 8 and 7 8 kOe on the
Nio 8~ Mno i9 single crystal. The scattered intensity at con-
stant field strongly decreases as temperature increases up
to about 120 K. From 120 K up to the highest tempera-
ture studied (200 K), the small measured signal is temper-
ature and field independent and no more maximum can be
seen in the q dependence. It is therefore identified as the
sample background and subtracted from the raw data. Of
course this procedure cannot be used in the diffraction
technique because of the spin-wave contribution. Correct-
ed data at several temperatures are shown in Fig. 4. They
show the same features as those observed from the
diffraction experiments at 11 K, namely, a maximum in
the I(q) scattering at some qm» value which moves to-
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FIG. 4. Nios~Mno f9. Elastic scattering intensities 1(q) mea-
sured at 5.8 kOe for various temperatures. Continuous lines are
DL fits with considering all data and dashed lines with data
truncated at q 0.03 A '. The bar represents the q resolution.
In inset are reported the temperature dependence of qo (a) and
the q integrated intensity 8 (O) deduced from fits with consider-
ing all data. The continuous lines of the inset are guides for the
eye.

ward higher value when the field increases. The q value of
the intensity maximum slightly decreases as the tempera-
ture increases at constant field. This appears for instance
in the Lorentzian parametrization of the curves (see the
inset).

In conclusion, the overall similarity of the magnetic
correlations found in three systems, polycrystalline and
single-crystal Ni~ —„Mn, single-crystal Au08~Fe0~9, and
amorphous (Fe-Mn-P-B-Al) of very diII'erent nuclear

structure and chemical short-range order is very remark-
able. Other recent data confirm some universal behav-
ior of "reentrant" systems. The transverse character of
this magnetic structure can be ascertained at low temper-
ature. In Ni08~Mn0~9 the temperature of 120 K which
marks the occurrence of this transverse structure in ap-
plied fields is also the temperature which locates the in-
crease of a strong elastic scattering in zero field. See,
for instance, elastic measurements in the sample
Nio7g4Mno2~6 (Ref. 9) which have very similar transition
temperature to the present one. In Fe-Mn-P-B-Al (Ref.
2) the temperature at which the small-q scattering occurs
has been identified with that for the anomalous increase of
the mean hyperfine field determined from Mossbauer
spectra at H=O and assigned to the canted state of
mean-field theory. The present observations strengthen
this interpretation. We can readily think that the de-
crease of the intensity with temperature at constant field
observed for this magnetic scattering corresponds to a de-
crease of the transverse spin lengths in relation to that of
the q T order parameter of mean-field theory. ' The
"canting" temperature TI; for transverse spin-component
freezing (for instance 120 K in NiogtMno &9) is much
higher than the longitudinal freezing temperature Tf
determined for instance from susceptibility measurements
(Tf =30 K in Niog~Mno ~9 as mentioned above). We be-
lieve that these two temperatures are likely related to two
distinct phenomena (as predicted by Ref. 10) rather than
a single one observed with diA'erent time windows. The
transverse components were already known to be correlat-
ed in zero field as proved by the q-dependent scattering at
H=O and by recent ' Au Mossbauer experiments. " We
show in this paper that they exhibit a very specific ar-
rangement in applied fields yielding a maximum in I(q).
The origin of this magnetic structure remains to be under-
stood.
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