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Magnetic properties of the premartensitic transition in Ni,MnGa alloys
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Magnetization as a function of field and temperature for a ferromagnetic Heusler ajléyn@a is reported.
Magnetization above the Martensitic transition displays a field-dependent peak effect, a direct magnetic evi-
dence of premartensitic phase. At low fields, the peak effect occurs at a temperature consistent with the
observations of the micromodulated structure transition seen from neutron scattering, electron microscopy, and
ultrasonic studies in this compound. At high fields, the peak effect is suppressed. The strong field dependence
of the peak temperature suggests a large magnetoelastic interaction in the intermediate phase.
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The ferromagnetic Heusler alloy Ni,Mn,,,Ga withx  the warming up process from beloly, and the sample was
=0 was first studied in the early 198("$or the stoichio- cooled in zero field each time from about 320 K. For a
metric Ni,MnGa, the alloy was found to be ferromagnetic sample cooled in field, an overall larger magnetization was
with a Curie temperature of 376 K. A martensitic phase tran-observed than if cooled in zero field.
sition from a cubic structure to a complex tetragonal struc- Shown in Fig. 1 is a plot of the magnetization as a func-
ture at 202 K on cooling was observed from microscopy andion of temperature for temperatures abolg. It is clear
neutron-scattering measurements, with a corresponding juntpat the magnetization peaks at abdyt~270 K, above
in magnetization at the same temperature. Later studies omhich magnetization decreases with increasing temperature.
alloys with nonstoichiometric compositions show that bothThe continued increase iM(T) for T,>T>T, demon-
the Curie temperature and the Martensitic transition can betrates an incomplete Martensitic transitionTgt. The inter-
varied with x.2~* Recent interest in the bli,Mn,,,Ga al- mediate state defined betwegpandT,, spans over 60 K in
loys as shape memory materials has lead to much more careemperature. The inset in Fig. 1 is the magnetization over a
ful studies of the structural transition. It has been reportedroader temperature range. A large jumpNh(T) at T,
that the Martensitic transition is proceeded by a premarten=210 K is characteristic of Martensitic transition of the fer-
sitic transition as observed from several experiments such asmagnetic Heusler alloy.
x-ray, electron- and neutron-scattering, and ultrasound Figure 2 shows a similar plot of magnetization versus
measurements.}! However, it is generally believed that
there is no magnetic anomaly corresponding to the pre- o.97s
martensitic transitioR-* Ni,MnGa

In this paper, we report direct magnetic characterizations ‘\.\
of the premartensitic transiton for the stoichiometric — *'"

Ni,MnGa alloy. Magnetizatio™ as a function of tempera- \\
ture T at various applied fieldH shows clear evidence of a 0.1965
premartensitic transition. The premartensitic transition is

characterized by a peak M(T) well above the Martensitic

transition temperatureT,,. The premartensitic transition 01960 oo D
temperaturel, is found dependent on the applied field. The / A J.;.—.,
field dependence of , demonstrates a large magnetoelastic = g ess 02 P

effect in the premartensitic or intermediate state. 018

Samples are prepared with the conventional arc-melt pro- / 016
cess with the stoichiometric composition of starting — %'%° f T

H=800G

M (emu)

M (emu)

materialst Structural analysis confirms the single phase, o
crystalline nature of the alloy. Magnetization measurements .,s
are performed on several samples using a superconducting 0.10
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guantum interference device magnetometer. The data re- TK
ported here are for a small rectangular sample of 9 mg. Ther- 01840 -
mal hysteresis in magnetization as well as in thg was
observed between cooling down and warming up of the
sample, most likely due to the grains and dislocations of the FIG. 1. Magnetization as a function of temperature Hat
alloy. Most of the data presented here are collected during-800 G. The inset is a plot over a broader temperature range.
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FIG. 2. Magnetization as a function of temperature tat ~ tion of temperature near the peak temperatures.
=1.5 kG. The inset is a plot over a broader temperature range.
ture is hardly changed for fields up to 1 T. Magnetizations at
temperature for an applied field of 1.5 kG. The overall charH=8 and 10 kG are almost overlapping at high tempera-
acteristics are very similar to tid(T) at 800 G. However, tures, indicating magnetic saturation at these fields and tem-
the peak temperature is now at about 250 K, a decrease of {eratures.
K from the peak temperature &=800 G. Magnetization The inset in Fig. 3 is a replot of the magnetization as a
aboveT, decreases much faster than that at 800 G. The insétinction of temperature at 10 kG. The solid line is a fit to the
shows the magnetization through the same Martensitic tramrmean-field theory of the magnetic moment as a function of
sition atT,,=210 K. temperature. For a ferromagnetic material, the magnetic mo-
Figure 3 shows an overlay of magnetizations at higheiment can be described byl (T)=M,m(T), here m(T)
applied fields fromH =2 kG to 10 kG. The curves from the =tanj T,m(T)/T].*?> The line fit gives aM,=0.65 emu
bottom up correspond tbl=2, 4, 6, 8, and 10 kG, respec- and the Curie temperature about 378 K, consistent with di-
tively. The overall data are consistent with(T) at smaller  rect high-temperature measurements on this compound. The
H with a downward shift inT,, and a stronger temperature saturation magnetic moment, gives an effective magnetic
dependence abovE,. The Martensitic transition tempera- moment of about 3.3 Bohr magneton per Mn atom, in agree-
ment with the earlier magnetic measuremefiihe excellent
065 _L. fit to the data suggests that the intermediate phase or pre-
Eaag

NigMnGa xG martensitic phase is essentially absent in a field of 1 T.
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FIG. 3. Magnetization as a function of temperature at several FIG. 5. Peak temperature as a function of peak field with the
high fieldsH=2, 4, 6, 8, and 10 kG. The inset is a plot of magne- solid line as a fit. The inset is a plot of peak temperature ¥sThe
tization at 10 kG and a model fit. line is a linear fit to the data.
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To look at the field dependence of the premartensitic tran- The large field dependence demonstrates a large magne-
sition temperature more carefully, the magnetizations ar¢oelastic effect in the intermediate phase, contrary to some
normalized to the peak magnetic momeNt/M .., and  previous assumptions that there is no magnetoelastic effects
plotted as a function of temperature, as shown in Fig. 4. Théased on the existence of phonon anomaly at temperatures
curves are each scaled to a factor to suggest the nature of thBove the Curie temperatutedlthough the magnetoelastic
increasingM e With increasing field(not to scalg and to  effect was suggested earlier in a thermal ac susceptibility
spread out for a better view. Several features are cl@ar: measurement on some stress-induced nonstoichiometric
the peak temperature decreases with increasing fieldhe alloys?
peak width decreases strongly with increasing fié;the The exact origin of the magnetic field and temperature
peak temperature is hardly distinguishable from the Martengenengence for the intermediate phase is not clear. Qualita-

sitic transition atH=1T. _ __tively, the free energy of the ferromagnetic Martensite can be
If we plot the peak temperature as a function of applied

) ) . . o expressed as a sum of three contributiohsF.+F
field, T, is almost inversely proportional to the applied field b e - m

as shown in Fig. 5. The circles are extrapolated from the+ Fem, WhereF is the elastic energyy, is the magnetic

peak positions, and the solid line is a fit tB,= energy, andr ., is the magnetic-elastic energy. The presence
T (1+H,/H k) with T.=210 K andH.=245 G pFor of large soft phonon modes aboVg, suggest that elastic
[0} [0} pea [0} [0} .

field less than 800 G, the peak temperature is constant arﬁf‘ergy fgvors the mtezrmzedla;e zphasze. 2The magngtlc energy
thus cannot be described by the inverse field dependencgontribution,F =K (mzmy+mzm;+mmi)—M-H will be
The inset shows the peak temperature dependence on tHgpendent on the anisotropy consténtin general, the ap-
squared magnetic moment. A quasilinear dependendg, of plied magnetic field will increase the magnetic transition
«m? is clear within the experimental scatters. temperature. The fact that, decreases with increasirtg

The observation of the field-dependent premartensitisuggests that either tte,, term is not important here or that
transition from direct magnetization measurements has ndhe first term inF,, dominates. The presence of an applied
been reported before. Previous works were limited to higffield will increase the alignment of the magnetic domains in
fields and were concentrated only on the Martensitic transithe direction of the field, thus will increase the magneticelas-
tion. The large jump &t , corresponds to the structural tran- tic energy contribution. It is plausible that the increased mag-
sition from a high-temperature phase to a low-temperatur@etoelastic interaction will result in a reducgg. The qua-
tetragonal phase. The reduced moment belgyarises from  sjlinearm? dependence of the peak temperature suggests that
the formation of lattice constrained magnetic domains, aghe magnetoelastic energy is quasilinear with, i.e., Fom
observed directly from electron microscopy. AbOUg, the 2 careful theoretical modeling is necessary to quantita-
magnetic domains are easily aligned to the field direction. tively understand the temperature and field dependence of

The observed’, at small field is consistent with the de- the intermediate state. It is worth pointing out th&t is

termination of premartensitic transition temperature frombarely affected in the field range, which suggests that the
other measurements such as neutron-scattering and ultra-

sound attenuations. Inelastic neutron scattering anawagnetoelastlc effect is absent or negligible at temperatures

transmission-electron microscopy show that there is signifi-near the Martensitic transﬂpn temperaturg.
In summary, magnetization as a function of temperature

cant T/, phonon softening at wave vectqe=0.33 at tem- displays a field-dependent peak effect at a temperature above
peratures well above the Martensitic transitfofihe studies play " pend P peral
atlhe Martensitic transition temperature. At small field, the

established the existence of a weakly first-order strucutr X ) . . .
transition atT,;~265 K and premartensitic phase for tem- peak effect is consistent with the observation of micromodu-
v lated structure transition from neutron scattering, electron

perature in betwee, and 265 K. Th<_a premartensitic phase microscopy, and ultrasound studies. At high field, the peak
is approximately fcc with a modulation corresponding to a : . T g X
effect is drastically suppressed. This is direct magnetic evi-

1 i i-
wave vectors[110]. Below Ty, the structural is approxi dence for the premartensitic phase or intermediate phase.

mately tetragonal. The presence of thg intermediate. phase e strong field dependence of the peak temperature sug-
also supported by ultrasonic attenuation and velocity meas s a large magnetoelastic effect in the premartensitic

surements, where the elastic constant stiffens and the attengﬁase
ation decreases drastically below 26% Khe peak tempera- '

ture of about 270 K in the magnetization in small fields One of us(F.Z)) acknowledges partial support by a gen-
corresponds well to the reportdd ~265 K transition. eral research grant from the University of Miami.
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