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Thermoremanent magnetization in Mn-rich Cu;po_,Mn, (x=73, 76, and 83 binary alloys
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Cuo0-xMny alloys in the dilute-spin-glass regime<£10%) show stretched exponential relaxation of ther-
moremanent magnetizatidmRM). Instead in the concentrated long-range-antiferromagnetic regime, we find
that the TRM is described well by a power-law decay with faster relaxation at higher temperatures. Logarith-
mic decay plots show systematic curvature, the nature of which depends on the distribution of energy barriers
over which magnetic relaxation takes place.
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[. INTRODUCTION terms of the electron-electron interaction in the presence of
weak localization. In this report we investigate the time de-
Cuypo-xMn, forms a solid solution over the whole con- pendence of the dc magnetization of the more concentrated
centration range. In an earlier wdrkve had established its Cujgo-xMny alloys with x=73, 76, and 83.
magnetic phase diagram primarily through magnetic mea- Thermoremanent magnetizati¢hRM) in different mag-
surements. The alloys witk<73 at.% had shown time- nNetic phases has been recently summarized and studied in
and history-dependent dc magnetization and peaks in ac su¥- Féso-xNixCrag( 14=x=30) alloys showing antiferromag-
ceptibility (ya.). The lower concentrationx&10) alloys netic, spln-_glass_, rg-entrant spm-gl_ass, and ferromagnetic
(cusp iny,o) are designated as spin glas¢8&'s and the p_hases ag is varle_d. Several theoretical modc_els have been
higher ones(broad peaks iny,.) as cluster glasse&€G's) discussed for the time erendence of magnetizdtea _Ref. .
with T; as their freezing temperaturgsaramagnetic to SG 5Iand reLerdenchesWtr:uTrelrﬁ?gln):iderc?yxnl;aar\]su:\(/ar%egts N spin
or CG). Forx=76 and 83 at. %, double transition from para- glasses had sho 0ga ¢ relaxation givefi by
mggnetic to antiferromggneticT(,zZ?S and 484 Kto a M(t)=Mg—SIn(t), 1)
mixed cluster-glass-antiferromagnetic phagg=130 and
45 K) were observed. Bifurcation of field-coold#C) and  whereM, is a parameter an8 s the logarithmic decay rate
zero-field-cooled(ZFC) magnetization versus temperature which is a measure of the magnetic viscosity that slows
curves showed very clearly the second transitiomafor  down the decay rate. A single energy barrier leads to an
bothx=76 and 83 at. %Fig. 6 of Ref. 1. The existence of exponential relaxation whereas a summation over the distri-
the mixed phase was concluded from the above magnetigution of energy barrierggiving rise to a distribution of
studies and the neutron-diffraction measurements of Cowlarfelaxation timep produces a logarithmic decdy¥eq. (1)].
and Shamaf The alloy withx=73 at. % seems to be very Later measurements in spin glasses and presumably cluster
near to the multicritical concentration withy=T;=160 K. glasses had shown a more complicated stretched exponential
The alloys withx=73 at.% have long-range type-1 antifer- (anomalously slowmultiplied by a power-lawaging effect
romagnetc structuréAF1) with tetragonal distortion whereas behavior, given by
the alloys withx<73 at. % have short-range order based on B n
type-3 antiferromagnetic structutAr3).2 M(t)=M (l) yexr{ 3 (E)
Cuygo-xMny binary alloys in the very dilute magnetic im- ol t,, T
purity limit (x<<1%) show resistivity minimad~ —In T be-
low T,,;,) at very low temperatures which are interpreted inwheret,, is the wait time(time of exposure in a magnetic
terms of Kondo effect. The composition region untik  field) below T¢ (spin-glass freezing temperatirer is the
~30 at.% shows a monotonic decrease of the electrical recharacteristic relaxation time, ady, y, andn are param-
sistivity with the decrease of temperature all the way dowrgters. For antiferromagnetstretched exponential decayo
to very low temperatures. However, resistivity minima wereaging effect like
observed by usagain at higher concentrations between
=36 and 83 at. % witfd ,;, lying between 2 and 25 K. Here M (D)= Mex _(E)B
p~— T (belowT,,;,) and these minima were interpreted in 0
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wherer is the relaxation time ani¥, and 8 are parameters TABLE I. x=73. Values ofy? and correlation coefficient and

or power-law decay of the form the parameterd/, and y of Eq. (4) for sample 1 (CgpMnsg). T
was varied for a constant wait time of 30 min, thgnwas varied at
M(t)=Mogt™7?, (4)  a constant temperature of 10 K.
whereM, and y are parameters, fits equally well. T(K) B 2 M, (10°° emulg) y (10°5)
IIl. EXPERIMENTAL DETAILS 10 1.624 108 0.997 6.112-0.001 1892
. . 50 4.481x107° 0.987 1.7740.010 468@90
In view of the above facts, we have_ made-a detailed study 1459  1370¢10% 0997 0.48% 0.005 15536 140
of the time-dependent magnetization in Mn-rich;ggu,Mn, 150 1.86%10°% 0975 0.0% 0.004 20466 520
alloys (x=73, 76, and 88 The alloys were prepared by
induction melting in a pure argon atmosphere of spectroiW (min) o (2 M, (10°° emulg) y (10°)

scopically pure Cu and Mn as described in details
elsewheré. We have studied the time dependence of TRM
using a superconducting quantum interference device
(SQUID) magnetometefQuantum Design MPMSin the
following way. We cooled the sample in a field of 1000 Oe
from room temperature to a fixed temperatuig,(kept the
magnetic field for a fixed time, defined as wait timg,
oo E ey hich s unphysicallykong and with rror bars of th same
started the measuremeht of the decaying magnetic momeg[der' This is the case for all the three compositions.
as a function of time after the field became zero However, we found, for all the ¢ hree sample_s at several
(~1 min). For each sample we did the experiment in tWOtemperaturgs but constant wait tlme of 30 min, that the
ways Firs:[ we had kept the temperature constant at 10 ower I:_:\W " the form c-)f Eq(4) gives excellent results.

) ’ . hese fits yield correlation coefficients0.99, x? values
and toqk megsurements for diferem,t.' Next, we had kept comparable with the experimental resolution and more im-
the waiting time constant af,=30 min and repeated the portantly very small ¢1%) error bars in the values of the

experiment for different_ temperatures. T_his cooling time (;Ie- arameterd/y andy. These values are compiled in Tables |
creases as the measuring temperature increases and this s nd 1l fo;) samples withx=73, 76, and 83, which are '
been properly incorporated iy,. As an example, it took 20 ' Lo L -

min to reach 30 K for sample 2 and so we kept the magnetideszlgnated as samples 1, 2, and 3, respectively. Variations are

X X %hown as functions of (ty=30 min) andt,, (T=10 K).
field on for anothef 10, 40, 70, and 130 min so that 30, It is very clear from the values of? and correlation coeffi-
60, 90, and 150 min.

cients given in Tables I-lll that the fits to the power-law
decay are better at lower temperature for all the samples. The
fits at a given temperature improve R&sncreases, i.e., for
Time dependence of magnetization in dilute CuMn alloysS@mples with stronger long-range-antiferromagnetic order
in the spin-glass regime have been extensively studied. Oré\F1 structure. These fits are shown in Fig. 1 wheké is
such study had shown stretched exponential behd#qr ~ Plotted against timet for t,,=30 min for all the three
(3)] with 1/7 varying exponentially with the inverse reduced 5 ] o,
temperature for all <T; for CuggMin, aIon.S Stretched ex- TABLE Il. x=76. Values ofy*, correlation coefficient*, and
ponential behavior had also been observed in other compdlé Parameterdl, and y of Eq. (4) for sample 2 (CuMnyq). T
sitions like CygVin, and Clé4Mn6.9 For the present concen- was varied for a constant wait time of 30 min, therwas varied at
trated Mn alloys we first tried the stretched exponential fit jn@ constant temperature of 10 K.
the form of Eq.(3) for the magnetizatioM at several tem-

30 1.23x10°% 0.998 6.22368:0.0007 2221

2.07%107% 0.998  6.230%0.0009 23&2
60 1.770<10°% 0.998 6.23730.0008 2442
90 2.24¢10°% 0.988  6.241%0.0009 2552

IIl. RESULTS AND DISCUSSION

2 2 —3 —5
peraturegfor a constant wait time of 30 mjragainst time. T X ' Mo (10°~ emufy) v (107
We have used a standard nonlinear least-squares-fit program 10  9.99<10°° 0.999 7.5510.001 31&-1
for all the three samples. The stretched exponential fits give 20 1.00% 10°7 0.998 6.569 0.002 6084
very low x? values consistent with the experimental resolu- 30 251710 7 0.998 5.03%0.003 97:6
tion (typically 1 part in 16 of M at 10 K) and correlation 40 3.946<10°% 0.997 1.855 0.004 272@30

coefficients of~0.999 but the values of the parameters come g9  1.509¢10°* 0.975 1.034:0.03 1480@ 400
out to be unrealistic and also they vary widely with error bars

far exceeding the values themselvg$.is defined as t,, (min) Y2 2 M, (X10°% emulg) y (10°9)
. —_ . 2

Xzzi s Mincasurea Misned 5) 30  1.09%10°® 0.998 8.248 0.001 256 1

N =1 M2 60 3.375<10°° 0.998  8.3050.002 3162

mean 90 3.29%10°8 0.998  8.3150.001 3212

The parameter, according to our expectation, should be of 150 3.98%10°8 0.997 8.318 0.002 3243

the order of~10*~1@ sec. It comes out to be 10?° sec
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TABLE Ill. x=83. Values ofy?, correlation coefficient?, and olx T v " T T ]
the parameterd/, and y of Eq. (4) for sample 3 (CyMngy). T Sample 3
was varied for a constant wait time of 30 min, thenwas varied at
a constant temperature of 10 K. 8 |
T X2 r2 Mgy (10°% emul/g) y (10°9)
10 216410°° 0999  10.18720.002 3422 é’ ®1 Sample 2 T
15 6.45310° 8 0.998 9.54%0.002 4853 2
20 6.71%10°° 0999  8.7980.002 6063 e .. t =30 min i
25 9.935¢10°8 0.999 7.8760.003 752-4 = N
30 4.986<10°8 0.999 6.556-0.002 8503
35 1.80%< 108 0.999 4.594 0.001 1083 24 g
40 6.856<10°7 0.999 1.2630.001 209a@-10
t(mi) X r? Mo (1077 emuig) y (10°7) T
30  7.76%10°° 0.999  10.1720.001  33%1 Temperature (K) -
-8
45 1.32 1078 0.999 10.2140.001 381 FIG. 2. Variation of the parametéd, of Eq. (4) with tempera-
60 3.248 1078 0.998 10.22%+0.002 39¢2 ture for the three samples. The solid lines are just guides to the eye.
90 6.409<10 ° 0.997  10.24%0.003 405-3 M,, the value of the magnetization at very small times, decreases

with temperature for each sampM, at the lowest temperatuf&0

K) increases with the Mn concentration (x=73, 76, and 83 for
samples at 10 K. The solid lines are the best-fitted curves. gamples 1, 2, and 3, respectively

is to be noted here that the magnetization decays by atmost

11% in three decades of time in any of the three samplegions of Mn are antiferromagnetic while for the AF1 structure
shown in Fig. 1. The sensitivity of the SQUID magnetometer(x=73, the present set of alloys); is antiferromagnetic
makes this kind of high-resolution measurement possiblevhereas), is ferromagnetic. In additiod, is found to be
For the power-law fit, the parametit,, which is the mag- almost twiceJ;. It is also found that the average number of
netization at very small times, decreases with temperature fdvin next-nearest neighbors is large compared to those of the
t,=30 min as shown in Fig. 2 for all the three samples. Thishearest neighbors. As a resdyt aligns some of the random

is expected because higher temperatures reduce the th&oments enhanciniyl, with x.

moremanent magnetization. From Tables I-Ill we find that at The exponenty increases with temperature as shown in
T=10 K and t,=30 min, My,=6.1, 7.6 and 10.2 Fig. 3 for all the three samples. This is well understood since
(103 emulg) forx=73, 76, and 83, respectively. In other the relaxation of magnetization is expected to be faster at
words, the field-cooled momemtl, increases withx. This  higher temperatures. A closer look at Fig. 3, specially the
can be understood in terms of the details of the AF1 and AF8urve for sample 3, shows thatincreases roughly linearly
structureg. In the AF3 structure X<73), both the nearest- With T until 30 K and then it diverges at 40 K which is just
neighbor J;) and the next-nearest-neighbad,) interac-

2.0
6164 T T T T T T T T T T T T T 08
Sample 1 J 1000
Sample 3
Power-fit 154
T=10K ’ 0.4
6124 t,=30min 06 -
9 e
3 (=]
5 R - :
< T 1.04
o H 902
Z 60.8 \ / 0.2
= Sample 2 ] Sample 1
| (M*0.824)
988 0.5
60.4 Ry 400
T T T T T T Ll T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 30 60 90 120 150

t(1 0’ s) Temperature(K)

FIG. 1. M is plotted against timet for the three samples at FIG. 3. Variation of the exponent of Eq. (4) with temperature
10 K and wait time of 30 min. The solid lines are the power-law fits for the three samples. The solid lines are just guides to the eye. The
[Eq. (4)]. relaxation rate increases with the increase of temperature.
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FIG. 6. Same as in Fig. 5 except here for sample 2. Deviations
FIG. 4. M is plotted against Int(n seg for the three samples at from linearity are observed between 20 and 80 K. The solid lines
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10 K and wait time of 30 min. The solid lines are the logarithmic are just guides to the eye. The negative valudgt)/M (100 seg

fits [Eq. (1)].

below its T; of 45 K. This kind of divergence of the expo-
nent y was found in insulating spin glasses aroufig.1®

at larger times for the highest temperature of 80 K is due to the
relatively large diamagnetic correction from the sample holder. The
inset shows similar convex upwards behaviorTat 15 K and
mixed curvature aT =40 K for sample 3.

This linear variation ofy is consistent with the Monte Carlo

simulationg? for a two-dimensional2D) Ising spin glass for
T<T;. However, the power law does not hold arouhgd
wherey is found to show divergence as in our investigationalloy. It should be noted here that all the three alloys in the

as well(see Fig. 3 and Tables I-}llAs depicted in Fig. 3, present investigation have long-range-antiferromagnetic or-

conclusions

The details of the fits are given in Tables I-IIl. Very similar
were reached in an antiferromagnetic FeNiCr

this divergence ofy(T) is also clear for sample 2 at 60 K der. However, in an earlier work lkeda and Kiktitaould

(T¢=130 K) but not in sample 1 since we have not gonenot find any relaxation of TRM over a period of 10 h in the
above itsT; of 160 K. Similar linear behavior of/(T) was
predicted? in spin glasses using a simple picture of the de-
cay of total magnetization through flipping of independentgood qualitative agreement with the observed magnetic prop-
erties in these Mn-rich CuMn alloyslt is similar to the
phenomenon of blocking of superparamagnetic particles in
rock magnetisn® Here, the magnetic material is thought to

spins and clusters by climbing over energy barriers.
Equally good fits are obtained whén(t) is fitted to Eq.
(4) at a constant temperature of 10 K at several valuds, of

be made up

0.9 1

0.8

M(100sec)

0.6
Sample 1
t,=30min

M)/

0.4+

03l . ; . , . ;

1.0

822

antiferromagnet MgusZng s for T<Ty .
Néel's theory of superparamagneti&hgives a reasonably

of magnetic clusters of various siz€s ¢€oer-

cive field (H.)/anisotropy energy, and spontaneous magneti-

08 819

81.6 1

81.3

M (10 emurg

81.0 1

0.4
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FIG. 5. Raw data points of normalized magnetic moment

80.7

t =150 min
w

Logarithmic fit
Sample 2
T=10K

90 min

M (t)/M (100 seg¢ at different temperatures vs Irt i seg for t,,
=30 min for sample 1. The data are linear at 1@dé¢e Fig. 4 for

an expanded/ axis) and show deviations from linearifgleviation
from Eqg.(1)] at 50, 100, and 150 K. The solid lines are just guideswait timest,, =30, 60, 90, and 150 min. The solid lines are the

to the eye.

In(tins)

FIG. 7. M is plotted against Int(n seg for sample 2 at 10 K for

logarithmic fits[Eq. (1)].
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zation (Mg). The anisotropy acts like a potential barrier for sibility for barriers greater than the average barrier where
the cluster magnetization to relax. The thermal activation oM (t) vs In() is predicted to be concave upwards for all

the cluster magnetization over these barriers leads to an efimes.

ponential relaxation of TRM, viz.M(t)~exp(—t/7) where Similar behavior is seen in Fig. 6 for sample 2 where
the relaxation timer~exp(AE/kgT), where the height of the M(t)/M(100 sec) vs I data are shown at several tem-

barrier AE=vHM/2. A distribution of barrier height&due ~ Peratures. The plot is more or less linear at 10 K, shows
to distributions ofv, H., andM,) implies a distribution of ~CONVvex upwards behavior at 20, 30, and 40 K and mixed
blocking temperatures, only above which individual mag-curvature at 60 and 80 K. The negative values of
netic clusters have sufficient thermal energy to relax. Thid/l(1)/M(100 se¢at larger times for the highest temperature

distribution of barrier heights finally yields a logarithmic de- ?f 80 }E is due tlo trr:eldrelat_lrvhely'large ?l?:magenet;]c corre_ctl_?n
cay ofM as given in Eq(1). So, we next tried to fit our data rom the sample holder. e_lnset of Fig. © shows similar
for all the samples at several temperatures to(Eqy.Except convex upwards behavior dt=15 K and mixed curvature

o atT=40 K for sample 3. So we find that the deviation from
at the lowest temperature of 10 K, the logarithmic plots Shov‘finearity in M(t) vs In) plot is quite a general one ar
a systematic curvature indicating deviations from [Et.

. . ~50 K is the temperature which separates the two tempera-
Figure 4 shows fits oM vs In() data at 10 K andy, e regimes giving different curvatures, as observed in Figs.

.=30 min for gll th(_a sarr_]ples. The best-_fltted cur\(ssh(zj 5 and 6.5(t)=dM(t)/d(In(t)] [Eq. (1)] plots (not shown

lines) are straight lines in agreement with Ed) and x show peaks around=t,, for those temperatures whelé(t)

values of~ 108 consistent with the experimental resolution cyrves have mixed curvatures.

of M (1 part in 1d), correlation coefficient>0.998, and In Fig. 7 we have plotted vs In(t) for sample 2 at 10 K

errors in the values of the coefficients of less than 1%. Thigor different wait times of 30, 60, 90, and 150 min. The solid

linear dependence of M versus th{mplies that the barrier lines are the best-fitted curves for fit to E@), viz., the

height distribution in approximately independent of time.  logarithmic decay. As before logarithmic fits are quite satis-
M(t)/M (100 sec) vs I} data fort,=30 min atT  factory at low temperaturegsay, 10 K here However, they

=10, 50, 100, and 150 K for sample 1 are plotted in Fig. 5.show deviations from linearity for highey,, just like those

M(t) data are normalized by dividing by (100 sec) at at higher temperatures fog,=30 min(as shown in Figs. 5

each temperature to bring them on a common scale. The da@d 6.

are linear at 10 K(see Fig. 4 for an expanded axis) in

agreement with Eq(1). At higher temperatures, however, IV. CONCLUSIONS

there are deviations from (t) ~In(t) behavior, i.e., Eq(1). To conclude, instead of a stretched exponential decay of

At 50 K, M(t) is convex upwards whereas at 100 and 150 Kithe TRM in the spin-glass regime, Gg_,Mn, (x=73, 76,

M(t) is convex upwards for shorter time and concave up-and 83 alloys in the long-range-antiferromagnetic state fol-

wards for longer time. In a recent theoretical paper O’Gradylow power-law decay. The TRM plotted againsttjnghows

El-Hilo, and Chantref had predicted a very similar behav- systematic curvature as a function of temperature due to a

ior of thermoremanent magnetization based on the relaxatiodistribution of energy barriers.

of magnetic moments over a narrow distribution of energy
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