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Electrical resistance of a single crystal of ferromagnetic rare-earth metal, gadolinium,
has been measured within 150 to 325 K temperature range including the Curie point T,
and the spin reorientation temperature T,. The temperature dependences of magnetic
contribution to the electric resistance, (p/p)™%", along the main ¢ axis and normal thereto
are qualitatively different: along the ¢ axis, this dependence has a convex curve shape
while in the ab plane, it is a concave one showing a kink at T,,.

W3mepeHO 9JI€KTPOCONPOTUBJIEHNE MOHOKpPUCTaNJIa (GepPOMATHUTHOTO PeIK03eMeJIbHOT0
MeTaslIa TaJoJUHUA B AuanasoHe TemmepaTyp 150-325 K, sxmiouatomum Touky Kiopu T, u
TeMIIepaTypy CIMHOBOI mnepeopueHTanuu T . YCTaHOBIEHO, YTO TeMIePAaTyPHAsA 3aBUCH-
MOCTb MATHUTHOT'O BKJIAZa B JJIEKTPOCOIpOoTHBIeHue (AP/P)™*$" Broib IJIaBHOW OCH € U B
MMEePIEeHIUKYIAPHOM HAIPABICHWN HOCUT KAUYECTBEHHO PA3JIWYHBLIM XapakTep — BBINYKJAsd
KpHuBas BAOJb OCH € M BOTHYTadA KPHWBad C peskuMm meperubom B T . nnsa miockoctu ab.

Gadolinium (Gd) occupies a specific place
among heavy rare-earth metals (REM) for
several reasons. First, Gd3* ion having the
4f75525p5 configuration has no orbital mo-
mentum while the spin momentum has the
maximum known value (S = 7/2). Due to
absence of spin-orbital interaction, the mag -
netic anisotropy of gadolinium is two orders
of magnitude lower than those of other
REMs with L#0 (Dy, Yb, etc.). Second,
among all REMs, it is Gd only that shows a
characteristic direct paramagnetism-to-fer -
romagnetism transition (P - F), the hex-
agonal crystal lattice symmetry being con-
served in the ferromagnetic state, in con-
trast to other REMs (Dy, Tb, etc.). Note
that the direct P - F transition was called
in question in some earlier works [2, 3] al-
though direct neutron diffraction studies
[4] evidence the collinear ferromagnetic
structure below the Curie point. Third, the
Gd transition temperature to magnetically
ordered state (T,~ 293 K) is the highest
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one among all REMs. Fourth, at tempera-
ture lowering down to T,,.~ 230 K, Gd
shows the spin relaxation transition from
the high-temperature collinear ferromag -
netic structure (the magnetic momentum M
is parallel to the main ¢ axis of hcp lattice)
to the low-temperature conical one, the cone
apex angle of the "disordered” conical
structure 2¢ (the main ¢ axis being the cone
one) being unmonotonically temperature-de -
pended [4]: in contrast to the ferromagnetic
FS spiral inherent, e.g., in Ho, the projec-
tions of Gd manetic moments on the basal
plane do not form a regular spiral. Fifth,
impurities effect appreciably T, and T, [5].

Kinetic properties of single crystalline
and polycrystalline gadolinium, first of all,
its electric resistance, at low temperatures
was studied in numerous works (see, e.g.,
[6-11]). In those works, attempts were
made to discriminate the magnetic contribu -
tion to the resistance (p,,,.,) and to estab-
lish the character and nature of the
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Pmagn(T) dependence. To that end, the Mat-
thiessen rule [12] was used for not very low
temperatures (when the contribution to the
resistance due to electron-electron colli-
sions, p,;, is negligible, the Debye tempera-
ture for Gd being rather low, ©p5~180 K
[13]). The rule is expressed as

p(T) =pPo* pphorgT) + pmagr(T)’ (1)

where pg is the residual resistivity due to
impurities and defects; pp,,, resistance due
to scattering on phonons; p,,,.,, that due to

scattering on magnons. Although p,,,,, was
revealed in all the studies, the results ob-
tained are contradictory. The contradictions
concern questions of principal importance,
namely, the Pmagn(T) dependence shape, the
Pmagn anisotropy character, the effects in
magnetic phase transition(s) point(s).

In this connection, this work is aimed at
precise study of electric resistance of a Gd
single crystal in directions along and per-
pendicular to the main axis of hcp lattice
within temperature range of 150 to 325 K
including T, and T,,. The magnetic suscep-
tibility was measured, too, to detect phase
transitions in different directions. The ulti-
mate purpose of the work is to establish a
correlation between the behavior of mag-
netic contribution to gadolinium electric re -
sistance and the magnetic structure evolu-
tion at temperature variation.

All studies were done using a gadolinium
single crystal of about 2x2x10 mm3 size ob-
tained by zone recrystallization method.
The material purity grade was at least
99.7 % (main impurities being REMs,
amount of other impurities did not excess
0.03 %). The single crystal was oriented to
within 1-2° using a special attachment to a
DRON-4-17 X-ray diffractometer. The sam-
ples for measurements were cut using an
electrical discharge machine. The current
and potential contacts were applied using
conductive silver adhesive.

The electric resistance and magnetic sus-
ceptibility of the Gd single crystal at low
temperatures were studied using a PC-based
instrument-software measuring complex
(ISMC) [14]. The ISMC for measurements of
temperature dependences of electrophysical
and magnetic properties within the 10 to
300 K range has been developed using a
RGD-210 cryogenerator (Ley bold). A plati-
num resistance thermometer was used as
the temperature sensor.
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Fig. 1. Temperature dependence of real com-
ponent of gadolinium complex magnetic sus-
ceptibility along (1) and perpendicular to the
main axis (2) — (a). X, (T) — (b).

As mentioned above, the dynamic mag-
netic susceptibility was measured as a func-
tion of temperature to detect the magnetic
transformations at T, and T,,. The essence
of the method consists in determination of
changes in magnetic parameters of a coil
due to introduction of the sample thereto
[15]. To that end, the temperature depend -
ences of inductance were determined for the
sample-free coil [L,,;(T)], the coil with a
sample [L,,(T)], and the magnetic loss tan-
gent [tgd(T)] were determined using a E7-12
digital inductance meter (operating fre-
quency f =1 MHz). Since the measurements
were rather qualitative and the L. ;(T) is
monotonous, it is possible to determine
Lsample(T) = Ltot(T) - Lcoil(T) where Lsample
is the contribution to the coil inductance
due to the sample therein.

The values of real (X') and imagine (X'')
components of the complex magnetic sus-
ceptibility

X=X +ix’, 2)

are related to L, and tgd by simple relation-
ships

X =A DLsample’ X" =X [tgd, (3)
where A is the instrumental constant.
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Fig. 2. Temperature dependence of gadolin-
ium single crystal electric resistance along (1)
and perpendicular to the main axis (2). In-
sets: R,(T) near T, (right); temperature de-
pendence of electric resistance temperature
coefficient in the ab plane (left).

The measured values of quantities in
proportion to the real (X') and imagine (X')
components of gadolinium magnetic suscep -
tibility tensor along the main ¢ axis and in
the basal ab plane are presented in Fig. 1.

The temperature dependence of Gd mag-
netic susceptibility is seen to be anisotropic.
At T=T,~ 293 K (the precise determina-
tion of magnetic phase transition tempera-
tures is beyond the frame of this work), a

pronounced peak is observed in the )('C(T)
dependence that is typical of second order
phase transitions; in )('ab(T) curves, the sin-
gularities in the Curie point are much less
pronounced. In contrast, near the spin re-

orientation temperature T, ~ 225 K, the ef-
fects are seen to be a rather broad peak in

the X;zb(T) curve and only a hint at a maxi-

mum in the X.(T) one. The change in X,.'(T)

curve near T, is more clear, see inset in
Fig. 1. The observed magnetic susceptibility
anisotropy at 1 MHz agrees qualitatively
with the low-frequency measurement results
(f = 250 Hz [5]) while another anisotropy
character of X' and X" has been revealed in
[3] at 10 to 1000 Hz frequencies. To discuss
reasons for these distinctions is obviously
beyond the frame of this work where meas -
urements of X(T) dependences play only
auxiliary part as an indicative method.

The measurement results of electric re-
sistance of the Gd single crystal along the
main ¢ axis and in the basal ab plane are
presented in Fig. 2. Due to complicated
shape of Gd single crystals, absolute (R)
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Fig. 3. Temperature dependence of magnetic
contribution to gadolinium single crystal elec-
tric resistance along and perpendicular to the
main axis. a) (Ap,/p,)"*¥™(T), inset: tempera-
ture dependence of angle between the magnetic
momentum M and ¢ axis for gadolinium [4]. b)

(BP,p/Pap) " *8™(T), inset: (AP,p/Pyp) ™ (1)

resistance values along the crystal axes are
presented in the Figure instead the specific
ones (p).

The R(T) curves along the ¢ axis and per-
pendicular thereto are substantially different.
At T <T, the R,,(T) curve is concave while
the R.(T) one is convex. Two inflexions are
observed in the R,;(T) dependence, one near
T. and second, near T,,. These inflexions
correspond to two maxima in the tempera-
ture dependence of resistance coefficient
(1/pgp)dp,,/dT), see left-hand inset in Fig. 2.
In the R/(T) curve, there is only one maxi-
mum near T, see the right-hand inset in
Fig. 2. No appreciable singularities are ob-
served near T, in temperature dependences
of R, or (1/p.)ldp,./dT).

To discriminate the magnetic component
of gadolinium electric resistance, the con-
tributions associated with electron scatter -
ing on phonons, Rphon’ and the residual re-
sistance R are to be subtracted from the
obtained R(T) dependences. Since in this
work, measurements were done at relatively
high temperatures (150-325 K) and the
Debye temperature for Gd is rather low, the
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R(T) dependence in the paramagnetic region
can be approximated by a straight line

4
R(T):R0+£Z;,MDT:A+BDT. )

Subtracting this straight line from the
experimental R(T) curve, the magnetic con-
tribution to the resistance can be obtained
at a certain accuracy. Unfortunately, the
magnetic contribution discrimination proce -
dure has been applied successfully only to
R, (T) dependence. The magnetic contribu-
tion along the main axis can be discrimi-
nated only very approximately, since there
is no linear section with positive slope in
R.(T) curve at 293 < T < 325 K.

The temperature dependence of relative
magnetic contribution {for each experimen -
tal point (T, R) lying below T,, (Ap/p)™@8" =
[R(T) - A - BT]/R(T)] to gadolinium elec-
tric resistance is shown in Fig. 3. Two dis-
tinect regions are observed in the
(Pap/Pap)™@8™(T) curve. Those are, a section
of relatively weak almost linear tempera-
ture dependence (T,.<T < T,) and that of
a higher slope and an appreciable nonlinear -
ity (T <T,,). The (Ap./p.)"*™(T) curve is
parabolic within the whole T < T, range and
no singularities are observed near T,,.

Thus, the main results of electric resis-
tance study of a gadolinium single crystal
are as follows. In ferromagnetic state, gad -
olinium exhibits a strong resistance anisot-
ropy. The R.(T) dependence is a curve with
a maximum near the Curie point T, the
R, (T) one shows two inflections near the
Curie point and the spin reorientation tem -
perature T,.. The temperature dependences
of magnetic contribution to gadolinium
electric resistance along the main axis and
perpendicular thereto are different qualita-
tively. Along the ¢ axis, the dependence is
presented by a parabolic curve without any
singularities at T, in the ab plane, the
curve has a kink at T,,.

The latter instance (not noted up to date
as far as we know) seems to be of consider -
able interest. Such a Dbehavior of
(Ap/p)™a8™(T) dependences results obviously
from effect of gadolinium magnetic struc-
ture evolution on its kinetic properties. In fact,
within the whole temperature range T <T,,
there is a component of magnetic momen -
tum M (M, = Mldos$) along the c¢ axis,
thus, a magnetic contribution to the resis-
tance is present within the same range, too.
It is obvious that the decrease of the longitu -
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dinal M component from M, for the collinear
ferromagnetic structure (at T . <T' <T,) in
the second order phase transition point (T,)
down to Mldos¢ for the conical structure (at
T < T,,) is not accompanied by a substantial
change in the R.(T) dependence.

It is another situation for directions per -
pendicular to the main axis. The component
of magnetic momentum M for directions
lying in the ab plane (M, = M[Sin¢) appears
only at T = T,,, whereas the magnetic con-
tribution to electric resistance changes
sharply. The appearance of nonlinear contri -
bution to (Ap,,/Pgp)"*" is very sympto-
matic. It evidences a pronounced correlation
between the extreme character of tempera -
ture dependence of the conical ferromag -
netic structure parameter, i.e., the angle ¢
between the magnetic momentum and ¢ axis
(see inset in Fig. 3a) and extreme behavior
of the corresponding contribution to
(AP, /Pap) ™8™, ie., (DPgp/Pap) " (see inset
in Fig. 3b). The rather small (Ap,;/P.p) "
value was estimated as the deviation extent
of the (Ap,;/Pgp)"?8" pendence from the lin-
ear one at T<Tg,.
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MarHiTHMi BHECOK B €JeKTPHUYHHH OIlip MOHOKPHCTAJa
rajoJIiHilI0 P HU3bKMX TeMIlepaTypax

B.O.Dinkenv, B.B./[epeé’anko

BumipsaHo ejekTpoomip MoHOKpHcTada ¢GepoMarHiTHOTO pigKicHO3eMeJBLHOTO MeTary
rajoninito y niamasoni Temmeparyp 150-325 K, axuit Brarouae Touky Kiopi T, Ta Temmepa-
TYypy cniHoBoi mepeopienranii T',,. BcTaHoBIeHO, 10 TeMIepaTypHa 3aJeXXHICTh MarHiTHOTO
BHECKY Y eJIeKTpooIip (Ap/p)™?8" B3noBMK TI'OJIOBHOI Bici ¢ Ta y ImepHeHAUKYIAPHOMY HAIPA-
My Mae€ fAKicHO pisHMU xXapaKTep — BBIIYKJa KpPHBa B3JOBXK Bici ¢ Ta yrayra KpuBa is
piskum meperunom T, nja miaomuau ab.
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