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Résumé. 2014 Nous développons quelques idées sur le gel de l’énergie d’anisotropie macroscopique
des verres de spins et nous introduisons les notions d’anisotropie thermo-rémanente et d’anisotropie
rémanente isotherme. Nous présentons des résultats de cycle d’hystérésis sur des alliages CuMn qui
confirment ces idées. En particulier, nous décrivons la recette qui nous permet de réduire à volonté
et même de supprimer l’anisotropie.

Abstract. 2014 We develop some ideas on the freezing of the macroscopic anisotropy energy of spin
glasses and introduce the concepts of thermo-remanent anisotropy (TRA) and isothermal remanent
anisotropy (IRA). We present results of hysteresis cycle experiments on CuMn alloys which confirm
these ideas. In particular we describe a method which allows us to reduce the anisotropy at will and
even to remove it.
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The macroscopic anisotropy of spin glasses such as CuMn, AgMn or NiMn has been shown
to be a very interesting property for its character of memory eBSct and its outstanding tridirec-
tional symmetry [1-5]. The anisotropy is generally thought to arise from the freezing of correlations
between the spins and local anisotropy fields due to the presence of Dzyaloshinsky-Moriya
interactions. In this letter we develop some ideas on the freezing of the anisotropy (in particular
we introduce the concepts of thermo-remanent anisotropy and isothermal remanent anisotropy)
and present hysteresis cycles experiments in support of our ideas. We acknowledge that some of
our ideas arise from very enlightening discussions with Christofer Henley.
The starting point of the interpretation of the macroscopic anisotropy of spin glasses by Levy

et al. [1-6], Henley et al. [2], or Fert and Hippert [4] is the existence of microscopic Dzyaloshinsky-
Moriya (DM) interactions.

The vectors Dij are tied to the lattice. They are randomly oriented. A macroscopic anisotropy
energy exists because correlations between the vectors Sand D are frozen during the cooling
below T~ (more precisely : among many possible ground states which would be equivalent in the
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absence of DM interactions, the spin glass preferably chooses those with EDM  0). This macro-
scopic anisotropy can be called thermo-remanent anisotropy (TRA) by analogy with the thermo-
remanent magnetization (TRM) which is due to the freezing of correlations between the spins
and the direction of the magnetic field applied during the cooling. A difference between TRA
and TRM is that a spin glass is always cooled in the presence of the same local anisotropy fields
whereas the field applied during the cooling can be choosen at will. This explains that conven-
tional experiments find a unique anisotropy constant for a given spin glass at a given temperature
(after zero field cooling or field cooling, and whatever the cooling field) [1, 5], while the TRM
depends on the cooling field. However there is a way to change the local anisotropy fields seen
by the spins during their cooling : this is by rotating the lattice (and therefore the vectors Dij) with
respect to the spin system or, equivalently, the spin system with respect to the lattice. We now
describe experiments based on this idea which change the macroscopic anisotropy and confirm
our general picture.

Fig. 1. - Series of hysteresis cycles of CuMn 20 at % recorded at 1.2 K under the following conditions.
Curve (a) : after cooling the sample down to 1.2 K in 9.1 kG, the cycle is recorded by simply sweeping the
field between ± 9.1 kG. Curves (b), (c), (d1 (e), (f) : stopping the cycle (a) at - 9.1 kG, we heated the sample
up to T((b): T = 11 K, (c) : T = 24 K, (d) : T = 31 K, (e) : T = 60 K, (f) : T = 88 K) and cooled it
back to 1.2 K. Then the cycle was recorded by sweeping the field between :t 9.1 kG. The reversal fields
H1, H1, etc..., are defined as the fields where the curves a, b, etc..., intercept the dashed line M = xH where X
is the reversible susceptibility.

By using a Foner magnetometer [7] we recorded series of hysteresis cycles of a CuMn 20 at %
alloy at 1.2 K under the following conditions. After cooling the sample down to 1.2 K in + 9.1 kG,
we first recorded its hysteresis cycle simply by sweeping the field down to - 9.1 kG and back
to + 9.1 kG. As previously observed in concentrated CuMn alloys [8], we obtained a displaced
cycle with a very narrow width (curve (a) in Fig. 1). This typical shape corresponds to a directional
anisotropy energy of the form K(1 - cos 0) and the anisotropy constant is related to the reversal
field H1 by K = - Hi/~ur (/4 = remanent magnetization) [8, 9]. In subsequent experiments we
stopped the preceding field sweep at - 9.1 kG, heated the sample up to T (T  Tg = 98 K),
cooled it back to 1.2 K and then recorded the cycle as above by sweeping the field up and down
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between + and - 9.1 kG. The curves (b), (c), (d), (e) and (f) of figure 1 show the cycles (narrow,
displaced and qualitatively similar to the initial cycle of curve (a)) recorded for different values of
T. The remanent magnetization is always the same as that in the initial cycle (curve (a)) but,
in contrast, the anisotropy constant decreases when T increases. It goes to zero for about
T ~ 30 K and is negative for higher values of T. For T ~ 88 K the anisotropy constant satu-
rates at the value - K(1.2) (K(1.2) = anisotropy constant of the cycle of curve (a)). The expla-
nation of these results is straightforward :

i) the remanent magnetization is not changed during the heating-cooling because, during
this stage, the applied field is oriented in the direction of the remanence (both are negative) and
has the value (9.1 kG) of the initial cooling field.

ii) In contrast, during the heating-cooling stage at - 9.1 kG, the spins see a new lattice of
vectors Dj (reversed with respect to the spin system [10]). During the heating to T, a part of the
correlations between the spins and the old vectors Dj is released (the system jumps over energy
barriers by thermal excitations) which gives the well known decrease of anisotropy with tempe-
rature. During the cooling back to 1.2 K, correlations with the new vectors Dj are frozen. In
short, a fraction of the positive anisotropy constant K(1.2) is destroyed during the heating, while
a negative contribution to K is created during the cooling. This explains that K decreases as T
increases and becomes negative at higher values of T

Before presenting a quantitative analysis of the preceding results, we have to discuss more
precisely the effects of temperature on the anisotropy. The simplest situation is that at low tem-
perature (i.e. T ~ Tp for example T ~ 1.2 K for CuMn 20 at %) : the width of the cycle is
practically zero (Fig. 1 and 2a) which corresponds to an anisotropy energy of the form K(l 2013 cos 0).
At higher temperature the hysteresis loop has a non-zero width (Fig. 2b) and it has been shown
that this broadening goes with time dependent and irreversible rearrangements of the spins
during the reversal of the spin system and is not due to an admixture of a true axial anisotropy
into the directional anisotropy [11]. In other words, it can be said that the change of the reversal
field from H, to H2 (see Fig. 2b) is due to an effect of isothermal remanent anisotropy (IRA)
adding to the always existing thermo-remanent anisotropy (TRA). As the isothermal remanent
magnetization (IRM) is induced by applying a magnetic field isothermally, the IRA is induced by
rotating the lattice with respect to the spins or the spins with respect to the lattice at a fixed tem-
perature. It is well known [12] that at least for small fields, the IRM is negligible with respect to
the TRM at T  Te and becomes relatively significant at higher temperature. It appears that,
in the same way, the IRA is negligible with respect to the TRA at T  Tg (narrow displaced
cycle, Fig. 2a) and becomes significant at higher temperatures (broadened cycle becoming more
and more symmetric, Fig. 2b) [13]. At high enough temperature the IRA is saturated and the cycle
is symmetric (Fig. 2c). Quantitatively this picture means that, around 0=0, the anisotropy is
written :

with K~~ &#x3E; 0 and, roughly, ~ ~ 2013 K"ly, whereas, around 0 = ~c,

with K ~A  0 and, roughly, H2 ^--r - (KTRA + K°~)/~.
Taking into account the existence of the IRA component when T increases makes the quan-

titative analysis of the results of figure 1 a little more complex than naively expected but leads
to a better agreement. After the heating at T in the reversed state the anisotropy constant is :
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Fig. 2. - Typical hysteresis curve of CuMn (at T  Tg) showing contributions from thermo-remanent
anisotropy (TRA) and isothermal remanent anisotropy (IRA), (a) : with a very small IRA at T ~ Tg;
(b) : with a significant IRA at higher temperature; (c) : with a saturated IRA at still higher temperature. The
mechanisms of TRA and IRA are explained in the text (minor remark : the above scheme is proposed for
cycles after field cooling or zero field cooling. Field cooling creates at the same time a TRA tending to maintain
the orientation of the spin triad [3] and a TRM Pr along an axis of the spin triad. Zero field cooling creates
a TRA tending to maintain the orientation of the spin triad; then applying a field pins a IRM along an
axis of the triad. Note that, in the later case, symmetrical sweeps of the field after zero field cooling, can lead
to an asymmetrical cycle, which is a frequently observed apparent paradoxe. However the narrow displaced
cycle (a) is rarely observed after.zero field cooling because, at T ~ Tg, usual experimental fields are to small
to induce a significant anisotropy).

The subsequent cooling at 1.2 K in the presence of a reversed DM lattice creates a TRA contri-
bution equal to

which gives for the anisotropy constant after the heating-cooling stage

This is the anisotropy constant in the reversed state (0 ~ 7r). If we do not neglect the very small
JK~(1.2) (proportional to the width of the cycle at 1.2 K) the anisotropy in the non-reversed
state (0 ~ 0) is

Although K IRA (T) and K~(1.2) are not very large, they are needed for a precise analysis of the
results. We determined KTRA(T) and K IRA (T) by recording hysteresis cycles [14] of our sample
after direct cooling from Tg to T and we calculated the values of K(1.2 H T) and H1(1.2 4-~ T) =
K(1.2 +-+ T)/,ur predicted by equation (7). The agreement with the experimental values of
N~(1.2 -~ T) is good (Fig. 3). This confirms the overall picture. However we point out that hys-
teresis cycle experiments are less appropriate for a precise quantitative interpretation than
torque [4, 10] or transverse susceptibility [5, 10] experiments probing the variation of the ani-
sotropy energy as a function of the rotation angle C. Therefore we expect more quantitative
data from torque experiments now in progress at Orsay. The interest of the hysteresis experiments
presented in this paper is rather in the clearness of the qualitative results of figure 1.

In conclusion, we have presented experiments confirming that the remanent magnetization
and the anisotropy of spin glasses are two similar but independent [15] properties associated
with different types of correlations : the remanent magnetization represents correlations between
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Fig. 3. - H1 (1.2 +-+ T) versus T for CuMn 20 at % at 1.2 K. The experimental values of H1 (1.2 H T)
are the reversal fields of the cycles of figure 1. Their calculated values are obtained from equation (7), as
described in the text. Above about 30 K the hysteresis cycles are not sharp (abrupt) enough to reliably
determine KTRA(T) and K IIA (T). Consequently we compare the experimental and calculated values of
K(1.2 H T) only in the range T  31 K.

the spins and the direction of the applied field and the anisotropy represents correlations between
the spins and the directions of local anisotropy fields. We have introduced the concepts of TRA
and IRA by analogy with the TRM and IRM. Our experiments are also interesting in other
aspects. They show that the anisotropy of a spin glass such as CuMn can be erased [16] by appro-
priate thermal treatment. The possibility of removing the anisotropy may be of defmite interest
in several situations. For example, in MNR, the enhancement of the r.f. field is inversely propor-
tional to the anisotropy constant [17], so that lowering the anisotropy should make it easier to
perform NMR studies in spin glasses. Also, in ESR, it may be of interest to change the anisotropy
of a given sample at a given temperature. For example, Monod and Cowen [18] have recently
used our method to study the influence of the magnitude of K on the ESR linewidth of CuMn.
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