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It is shown that ac resistometry can serve as an effective tool for the detection of phase transitions,
such as spin reorientation or premartensitic phase transitions, which generally are not disclosed by
dc resistivity measurement. Measurement of temperature dependence of impedanceallows

one to unmask the anomaly, corresponding to a weak-order phase transition. The appearance of such
an anomaly is accounted for by a change in the effective permeghitifya sample upon the phase
transition. Moreover, frequency dependenceuomakes it possible to use the frequency of the
applied ac current as an adjusting parameter in order to make this anomaly more pronounced. The
applicability of this method is tested for the rare earth Gd and Heusler allgyinGa. © 2003
American Institute of Physics[DOI: 10.1063/1.1594840

It is well known that impedanc& of a magnetic con- perature, and for a NMnGa alloy, which undergoes a weak-
ductor depends on the effective permeabilityf the mate-  order premartensitic phase transition.
rial. In particular, this is evident from the fact that impedance  ImpedanceZ of a cylindrical conductor can be derived
of soft ferromagnetic materials changes considerably in aising Maxwell equationS$:
magnetic field, which is accounted for by a drastic change of 1 Jo(ka)
u upon application of the field. This phenomenon, called Z=R+iX=—Rdckao—,
giant magnetoimpedance, is most pronounced in soft ferro- 2 Ja(ka)
magnetic wires with a peculiar configuration of magneticwhere Ry is dc resistance of the conductor at a frequency
domains(Refs. 1-3 and references thepeibut generally it f=w/27=0, a is the conductor radius]; are Bessel func-
seems to be an intrinsic property of soft ferromagnets antions of the first kind, andk=(1+1i)/5, whered is the skin

recently it was observed in several Heusler allbys. depth,
The fact thatZz depends on the effective permeabilty P
gives rise to suggest that it can be used for studying weak- s=c+/ 3 )
TWM

order phase transitions, such as spin reorientation, order dis-

order, and so on, occurring in the ferromagnetic state. InThe skin depths is determined by resistivitp and effective
deed, since dc resistivity does not allow detection or accuratpermeabilityu of the conductor, and by the frequeneyof
determination of a temperature of the transition, upon whicrapplied to the conductor ac current. In the case of a slab
no significant change in the Fermi surface, mean-free pattgeometry, the expression for the impedande is

or el'ectron concentr'ation occurs, such transitio.ns are usually - _ Rydkd coth(ikd),

studied by magnetic measurements. The existence of the

anomaly corresponding to a weak-order phase transition at\§hered is the half thickness. Both of these equations show
temperature dependence of magnetization evidences thdat at a constant frequency, the temperature dependence of
such a transition is accompanied by a change in permeabilit§ IS determined by the temperature dependengeanfd . as

of the sample, therefore, measurementZ6f) could also (M~ Vp(T)p(T).

be effectively used for this aim. Moreover, in certain cases, | "€ experimental setup for the measurement of tempera-

this method can have an advantage compared to the magnelit'® dependencies of the impedanteonsists of a lock-in
zhmpllfler, a function synthesizer, a reference resistor con-

measurements, for example, if a weak-order phase transitio e il ith th | d ter. Al
is located in the proximity to another phase transition, char/€Cted In a senal way wi € samp'e, and a computer. Al-

acterized by a drastic change in the magnetization. ternating voltage of amplitud¥, at a frequencyf was ap-
. . . . ; lied to the reference resistor using the function synthesizer.
It is shown in this article, that ac resistometry can serv

. . 2 _Th It d th I d the ph hift betw
as an effective tool for this purpose. The validity of this © voltage drop on the sample and the phase shitt behween

. the voltage and the reference signal were measured by the
method is demonstrated for the case of the rare-earth Ggl, . in ar%plifier g y

which undergoes a spin reorientation transition at a low tem-  \1aocurements ob(T) and Z(T) were performed on a

Gd sample measuring*82x 1 mnt and a NyMnGa sample
dElectronic mail: vv-khovailo@aist.go.jp measuring 168 1.5x 0.5 mn?. Using typical values op and
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mined by another experimental techniqfiésSince p(T)
1.0} o .
does not exhibit anomaly &, the local maximum oZ(T)
at this temperature is accounted for by a larger permeability
w at the spin reorientation transition temperature. The origin
@ of the second peak observed near the ferromagnetic phase
transition is presumably the same because Gd has a pro-
o7y nounced peak of susceptibility=u— 1/4# in the vicinity
L of T¢ (Ref. 9. The result oZ(T) measurement performed at
105} (— a higher frequencyf=67.8 kHz, is shown in Fig. (t). This
curve also has a pronounced peak at the spin reorientation
temperature Tg. Since upon transition from the
005. (b) ferromagnetic-to-paramagnetic state, the impedahckas-
tically decreases, this peak is shown in the inset in Fig.. 1
The existence of this prominent and well-defined peak per-
05y mits an accurate determination of the spin reorientation tran-
e sition temperature from th&(T) measurements.
13 Therefore, these results have shown that measurement of
12}

- impedanceZ can be effectively used, along with magnetic
' . measurements, for the study of spin reorientation transitions
8 ;: . ) and construction of phase diagrams of compounds undergo-
%oia_ . \ ing such transitions.
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An interesting property of near stoichiometric,NinGa
FIG. 1. Temperature dependencies of resistiyitynd impedanc& mea-  alloys is that they undergo a so-called premartensitic phase
sured on the Gd sample. transition, which is characterized by a modulation of the
Heusler cubic structur¥. Resistivity measurement of these
alloys showetf~**that it is difficult to determine the tem-
w for Gd, p~130x 10 ® ) cm andu~200, and NjMnGa, perature of premartensitic and martensitic phase transition
p~30x10"°% O cm andu~200 (Ref. 4), the skin depth for from p(T) data because the resistivity has weak and broad
7 kHz<f<100 kHz is 1500 A<$5<5000 A for the Gd anomalies at these phase transformation temperatures. Mea-
sample and 700 A §<2600 A for the NjMnGa sample. surement of magnetization is an effective tool to determine
These values are much smaller than typical sample thickneske martensitic transformation temperattitéut as for the
(=0.5 mm), so that the skin effect is essential at these frepremartensitic transitionM (T) measurement is sometimes
guencies. not sufficient to determine the temperature of the premarten-
sitic transition in the case of polycrystalline sampl®sn
order to prove that the premartensitic transition can be dis-
closed byZ(T) measurements, temperature dependencies of
It is known from literature that Gd orders ferromagneti- p and Z were measured on a polycrystalline sample of sto-
cally at the Curie temperature.~293 K and undergoes a ichiometric NbMnGa composition.
spin reorientation transition at a lower temperatufe, Measurement op(T), shown in Fig. 2a), was typical
~225 K (Refs. 8 and 9 and references thefein for the stoichiometric NiMnGa behavior of resistivity? 4
Temperature dependencies @fand Z, measured upon A marked anomaly is seen only at the ferromagnetic transi-
heating, are presented in Fig. 1. As evident from Fi@),1 tion temperatureT=380 K, whereas the martensitic and
p(T) has an anomaly at Curie temperatiitg, equal to 290 premartensitic phase transitions are accompanied by a broad
K for this sample. No anomaly, corresponding to the spinchange in the slope of the curve &,~200 K and Tp
reorientation transition is seen in the curve in Fig. 1. This=260 K, respectively.
result is in agreement with early transport measurements of Unlike the resistivityp, the impedanc& of this sample
Gd° has quite a different temperature dependdiegs. 2b) and
Temperature dependencies of the impedadA¢cemea- 2(c)]. Z(T) measured at=7.8 kHz [Fig. 2(b)] exhibits a
sured on this samplgFigs. 1b) and Xc)], drastically differ  peak in the vicinity of Curie temperatuig:, which is ac-
from the temperature dependence of the resistipity(T), counted for by a high susceptibility of the sample. Contrary
measured at a frequenéy= 7.8 kHz has a complex tempera- to p(T), the temperature dependence of the impedafice
ture dependencfFig. 1(b)], namely, two marked peaks are exhibits a jump-like behavior at the martensitic transition
clearly seen on this curve. The first peak is observed at theemperaturel,,. This is due to the fact that the martensitic
temperature of spin reorientation phase transitidn, phase has a lower permeabilityas compared to the auste-
=226 K. This temperature, determined from #®©€T) mea- nitic cubic phase. Finally, the premartensitic transition ap-
surement, is in good agreement with the temperature detepears at this curve in Fig. 2 as a small dipTat=260 K.

A. Spin reorientation transition in Gd
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18

pedanceZ, it is possible to unmask anomalies which are
16 generally not observed on dc resistivity curves. This has been
14 confirmed for the case of gadolinium, which exhibits a spin
gu @) reorientation transition al =226 K, and for the case of
S 10 Ni,MnGa, which exhibits a premartensitic phase transition at
£ os Tp=260 K. Moreover, the results of this study indicated that
< os by adjusting the frequency of the ac current, one can observe
04 a sharp anomaly at the temperature of such a transition.
g ' — Therefore, this method can be used, along with magnetic
' measurements, as a simple and effective tool for the study of
o b spin reorientation transitions and construction of phase dia-
g :z grams i_n intensively studied rare-earth alloys and in other
go.a magnetic alloys and compounds.
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