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Two Successive Transitions in Uniaxially Anisotropic Spin-Glasses
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Longitudinal (Il ¢) and transverse ( L¢) ac susceptibilities have been measured on single crystals
of the Ising-type spin-glass ZnMn and the XY-type spin-glass CdMn. A clear cusp is observed in
each direction at different temperatures for ZnMn with 270, 390, and 600 ppm Mn. These
behaviors indicate that two successive transitions occur in these systems as was suggested by
mean-field theories for anisotropic spin-glasses. The phase diagram obtained is in accordance with

the theoretical one.

PACS numbers: 75.30.Gw, 75.30.Kz

Magnetic properties of spin-glasses with single-ion
uniaxial anisotropy have been extensively studied
since Albrecht er al! showed that in dilute hexagonal
single crystals, depending on the crystal-field parame-
ter D, there exists Ising-type behavior in ZnMn
(D > 0), XY-type behavior in CdMn (D < 0), while
MgMn orders in a Heisenberg-type manner (D =0).
In these studies and successive investigations on rare-
earth (RE) systems? freezing occurred only in the easy
direction, longitudinal (L) for D >0 and transverse
(T) for D < 0. On the other hand, theoretical investi-
gations>=> for m-component vector spin-glasses pre-
dicted that in the presence of random exchange
3JyS;S; with a Gaussian probability distribution
P(J;) and local uniaxial anisotropy — D3,(S,)? there
should be two successive transitions, from the
paramagnetic (P) state to the L state and then at lower
temperatures to a mixed phase (LT) when D/J is
smaller than a critical value (D/J) ™, and a sequence
of P-T-LT transitions for 0> D/J > (D/J)~ in the
XY case. Recently, transverse ordering of the Ising-
type spin-glass Fe,TiOs; was discussed by Yeshurun
and Sompolinsky.® They suggested that the transverse
ordering is included at the longitudinal-ordering tem-
perature, because of weak coupling between L and T
components due to random anisotropy. Yet, L-T cou-
pling can always be expected to exist in such a concen-
trated system and the occurrence of longitudinal and
transverse freezing at the same temperature even for
moderate D/J values is thus not a disproof of the
theoretical predictions.>-5 A search for the double
spin-glass transition was also done by Adachi et al’ on
Mn; _ ,Ni,Sb alloys. These authors, however, studied
polycrystalline samples and thus could not find differ-
ences between the longitudinal and transverse suscep-
tibilities X, and X, .
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In the present paper we restudied the uniaxial sys-
tems ZnMn and CdMn, but with much higher impuri-
ty concentrations than in the previous investigation! in
order to obtain values of D/J small enough to stay
below the limit |D/J| < |(D/J) %|. The ac suscepti-
bility as measured parallel (1) and perpendicular (L)
to the ¢ axis on single-crystalline samples ZnMn with
270, 390, and 600 ppm Mn shows clear cusps at dif-
ferent temperatures T,y and T, (T, > T, L), respec-
tively, and no anomaly in X at T,y or X, at Tp,. A
CD +488-ppm-Mm sample is very likely just on the
edge of the critical (D/J)~ value. The results thus
give clear evidence for the theoretical predictions
within the mean-field model.>-3 Furthermore, we are
able to show that the experiments are even quantita-
tively in accordance with the theoretically predicted
phase diagram.

Single crystals are grown by the Bridgman technique.
The crystallographic axes are determined from x-ray
analysis. Thin sample rods (10x1x1 mm?) are spark
cut parallel and perpendicular to the ¢ axis. The ac
susceptibility is measured by means of a Hartshorn
bridge circuit with a typical ac field of 10 Oe at a fre-
quency of 80 Hz in a dilution refrigerator from 50 mK
to 4.2 K. Static fields of up to 1600 Oe can be applied
parallel or perpendicular to the c axis in addition to the
measuring ac field.

Figure 1 shows the temperature dependence of the
longitudinal (X;;) and transverse (X, ) susceptibilities
for ZnMn with 390 ppm and 600 ppm Mn. As tem-
perature is lowered from the paramagnetic state, X
shows a cusp at Ty, while X still increases smoothly
through T,y . On further decrease of the temperature,
X, also shows a sharp maximum at T,,. We find
T,1=0.64 K and T, =0.17 K for ZnMn(390 ppm),
and T, =0.77 K and T,, =0.29 K for ZnMn(600
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FIG. 1. Temperature dependence of the ac susceptibility
X(T), with x(4.2 K) subtracted, in each direction parallel
(1l ¢) and perpendicular (Lc) to the c axis for two ZnMn
single crystals.

ppm). The occurrence of two independent cusps obvi-
ously suggests that the longitudinal and transverse
components of Mn spins freeze independently.?
Furthermore, we have measured the static-field
dependence of ac X(7T) for all samples. Results for
the 390-ppm-Mn and 600-ppm-Mn samples are given
in Figs. 2 and 3, respectively. It can be seen that in
both alloys in both directions the maxima become
smaller and broader with increasing field. Similar
results have been found for the ZnMn (270 ppm) sam-
ple. From the data we can determine the nonlinear
susceptibility X, =X(0) —X(H) as a function of T.
As shown recently by Yeshurun, Ketelson, and
Salamon’® the critical behavior of X, provides a crucial
test for the occurrence of a spin-glass transition.
Results of X, (T) for X L ¢ (H L ¢) of the 390- and
600-ppm alloys are respectively shown in the insets of
Figs. 2 and 3. The presence of a maximum at T,
gives clear evidence for a spin-glass transition at this
temperature and thus provides further support for the
presence of two successive transitions in ZnMn. We
have also measured the H, dependence of X, and H
dependence of X; and observed a negative nonlinear
contribution to the susceptibility around T,y and T,
as well.

The temperature dependence of X, and X, for
CdMn (488 ppm) is shown in Fig. 4. Since this alloy
orders in an XY-type manner, X is larger than X, and
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FIG. 2. Temperature dependence of the longitudinal and
transverse susceptibilities of ZnMn(390 ppm) at various
fields parallel to the ac field. Inset: the nonlinear susceptibil-
ity Xy (H) =x(0) — x(H) for the hard direction (Lc¢).

shows a maximum at 7T, =0.88 K. X; shows a weak
and broad maximum at ~ 1 K, roughly equal to T, .
However, X, increases again for T— 0. Possibly X,
includes some contribution of X, due to the presence
of some misorientated grains or precipitations of Mn.
Therefore, we suppose that the P-T sample in this oc-
curs at 7, but that a second transition T-LT transition
for this concentration is not to be expected. Higher
concentrations of Mn in Cd are not possible because of
metallurgical problems (segregation).

To obtain the experimental D/J-T/J phase diagram
and compare it with the theoretical results we use the
following procedure. According to Hedgcock er al!®
the crystalline-field parameters D ~ 0.078 K in ZnMn
and D ~ —0.16 K in CdMn do not depend on the Mn
concentration as long as the alloys are dilute. There-
fore, we assume that the D values in all the present
samples are the same as the ones described above. It
is not easy to estimate the variance Jin the presence of
random exchange interactions. We use the approxi-
mation J~ kT, —2D for |D/J| << 1 as given for
Ising-type spin-glasses by the mean-field theories in
order to determine the J value from T, and D in
ZnMn with 270, 390, and 600 ppm Mn. For ZnMn
with Mn concentrations less than 270 ppm, J might be
of the same order of magnitude as D, so that it is im-
possible to use the above approximation. Yet it is well
known!!=13 that the internal fields of dilute alloys due
to 1/r3-type Ruderman-Kittel-Kasuya-Yosida interac-
tions have a Lorentzian distribution with a distribution
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FIG. 3. Temperature dependence of the longitudinal and
transverse susceptibilities of ZnMn(600 ppm) at various
fields parallel to the ac field. Inset: the nonlinear susceptibil-
ity for the hard direction (Lc).

width proportional to the impurity concentration. As-
suming J(c)e ¢ (cis the impurity concentration) we
obtain the J values for ZnMn with 150 and 62 ppm Mn
on the basis of the ZnMn(390 ppm) value: J(c)

4
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FIG. 4. Temperature dependence of the longitudinal and
transverse susceptibilities of CdMn(488 ppm) at various
coaxial fields.
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FIG. 5. The experimental D/J-T/J phase diagram for
ZnMn and CdMn obtained from the cusps in X; and X, in-
cluding the results of Albrecht efr al. The solid lines serve
only to guide the eyes.

=J(390 ppm) x¢/(390 ppm) (data for 62 ppm are
given by Albrecht er al!). For CdMn (488 ppm), we
determine J from the equation J=kT, + D for
|D/J| << 1in XY-type spin-glasses, assuming that the
Mn concentration is high enough to fulfill the condi-
tion |D/J| << 1. All experimental data are collected
in the D/J-T/J phase diagram in Fig. 5. The figure
shows that our experimental results are fully con-
sistent with the theoretical predictions. This means
that the mean-field theories describe well the uniaxial-
ly anisotropic spin-glasses ZnMn and CdMn.

From the field dependence of the susceptibility in
Figs. 2 and 3 it is found that the temperature of the
maximum 7, in X;; shifts to lower temperatures when
applying H,, whereas the temperature of the max-
imum in X shifts to higher temperatures with H,. In
Fig. 6 we plot T, versus the applied field for the 270-
ppm-Mn sample (filled triangles for X, and open cir-
cles for X, ) including the H, dependence of X, and
the H), dependence of X, (filled circles for X, and
open triangles for X, ). In the case of H,, the max-
imum temperatures of both X, and X, decrease when
applying a field. This indicates that the temperatures
for the P-L and L-LT transitions decrease with rising
coaxial field H, in ZnMn, which is in accordance with
theoretical predictions by Elderfield and Sherrington.!
In the case of H,, X, is much more affected by the
field than X;;. The temperature of the maximum in X
increases with H, as shown in Figs. 2, 3, and 6. This
remarkable change of X, can be qualitatively explained
as follows. The transverse components of Mn spins
induced by H, couple with the frozen longitudinal
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FIG. 6. Longitudinal and transverse field dependences of
the temperature of the maximum in X, and X,; for
ZnMn (270 ppm).

components below T, as was discussed by Yeshurun
and Sompolinsky.® Therefore, the induced transverse
components order below Ty when H, is applied. The
maximum temperatures in X; then increase with H
since the induced transverse components—coupled
with the longitudinal one—also increase with rising
HL.

In the previous studies®® of anisotropic spin-glasses
two successive transitions have not been clearly found
because of the existence of random anisotropy.'> The
axis of the local crystalline field in these concentrated
spin-glasses®® might be slightly inclined with respect
to the crystallographic axis. On the other hand, our
anisotropic spin-glasses ZnMn and CdMn are very di-
lute, so that the local crystalline-field axis is expected
to be parallel to the c axis (basal plane in CdMn) from
a microscopic point of view. Though it is possible that
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Dzyaloshinsky-Moriya type of random anisotropy'® ex-
ists in these systems, this contribution is considered to
be very small since the S-state-like Mn impurities give
only a very small spin-orbit contribution.!” The
present systems are thus the best examples for really
uniaxial spin-glasses.
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