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Magnetoresistance and magnetization study of thulium
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The results of a detailed resistance and magnetization study of thulium are presented. From these results we
derive a magnetic phase diagram for thulium. Thaxis component of the resistivity is strongly affected by
the superzone energy gaps induced by the modulated ordering of the magnetic moments in thulium in agree-
ment with earlier experiments. According to the theory of Elliott and Wedgwood the superzones introduce an
increase of the resistivity proportional to the magnetization just b&lgwwhereas experimentally the change
is found to be quadratic in the magnetization. Except for this principal discrepancy, the experimental results are
well accounted for when combining a variational calculation of the resistivity with the magnetic model derived
for thulium from neutron scattering experimentS0163-1828)05009-7

I. INTRODUCTION spin waves. In the ferrimagnetic phase the spin waves de-
tected by inelastic neutron scattering are found at energies
A detailed neutron-diffraction study of thulium was car- between 8 and 10 me¥.” Since the magnetic periodicity is
ried out by Koehleket al,* who found that belowly=56 K  seven times that of the lattice along tieaxis, the spin
the magnetic structure is sinusoidally modulated alongcthe waves are split into seven closely spaced energy bands. At
axis, with a wave vectoQ=(2/7)c* and with the moments low temperatures, a relatively strong coupling between the
constrained to thee axis. As the temperature is reduced spin waves and the transverse phonons is observed. Includ-
higher-order odd harmonics appear, and in the zeroing the corresponding magnetoelastic coupling, the random-
temperature limit the modulation of the magnetic momentgphase-approximatiofRPA) modef developed by McEwen
approaches a nearly perfect square wave which is commeet al.” explains most of the observations made both in the
surable with the lattice. Hence at zero temperature the strudew-temperature spin-wave regime and at elevated tempera-
ture is ferrimagnetic with the moments being of maximumtures. Although thulium belongs to the heavy end of the rare-
magnitude and parallel to theeaxis in four hexagonal layers earth series the Ruderman-Kittel-Kasuya-YosiRKKY )-
followed by three layers with the moments antiparallel to theexchange interaction, proportional tg 1)?=1/36, is weak
c axis. These results were later confirmed by Beiral,?  compared to the crystal-field anisotropy energies. This im-
who found that the structure only becomes commensurablglies that crystal-field excitations are important in thulium at
below ~32 K, and that the magnitude @ decreases lin- elevated temperatures, both below and abbye
early by about 5% between 32 K afg, . The spin-wave excitations in the ferromagnetic phase in-
The most substantial study of the magnetization of thu-duced by an applied field parallel to tleeaxis, have been
lium was performed by Richards and Legvdl@hey deter- compared with the excitations seen in the zero-field phase at
mined the broad outline of the magnetic phase diagram antbw temperature$® The analysis shows that both the
confirmed the ferrimagnetic structure determined by thecrystal-field anisotropy and the exchange coupling is rather
neutron-diffraction experiments. Thulium exhibits a first- strongly modified from one phase to the other, and these
order transition from the ferrimagnetic structure to thaxis  changes must be related to the large shift indtexis lattice
ferromagnet at a critical field applied along thexis. In the  parametex0.7% observed at the transitidh.
commensurable phase the critical field is found to be nearly The earliest resistance study of a single crystal of thulium
constant and about 2.8 T. The saturation moment measureuas performed by Edwards and LegvdldThey found that
by Richards and Legvold was 7.44 per ion where the extra the resistivity parallel to the axis showed a sharp upturn at
0.14uz may be associated with the polarization of the con-Ty. This increase in the-axis resistivity belowTy is ex-
duction electrons. Zochowski and McEwfehave recently plained by the reduction of the Fermi-surface area perpen-
presented results for the variation of the lattice parameters idicular to thec axis due to the intersection of new zone
thulium obtained using capacitance dilatometry. They sumboundaries produced by the magnetic periodicity. This su-
marized their results in a magnetic phase diagram whiclperzone effect was proposed by Mackintd$ihe theory
shows some complexity, and they found evidence of a 0.7%vas subsequently worked out in detail by Elliott and
increase in the length of the Tm crystal along thaxis on ~ Wedgwood:>**who applied the relaxation time approxima-
making the transition from the ferrimagnetic to the ferromag-tion and assumed the conduction electrons to be free-
netic state. electron-like.
In the low-temperature limit the magnetic excitations are Here we report a systematic study of the resistance and
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magnetoresistance in thulium, examining two particular ge- 15

ometries both with the applied field8 parallel with thec a) 3

axis. In the longitudinal geometry the currenis parallel to _ -
thec axis and in the transverse cdss parallel to thea axis. E}: 10 4 ]
In addition magnetization measurements were made in order =

to verify some of the finer aspects of the magnetic phase P~ Bllill c-axis
diagram and to allow consideration of the effects of demag- g 5 oB=0 ]
netization fields. The theory of Elliott and Wedgwood is gen- < eB=4T

eralized by using a variational calculatidmather than the
relaxation time approximation. Although the account of the 0 0 20 0 60 30
superzone effect is essentially unchanged, the comparison
between theory and experiments is much improved when the
result of the variational calculation is combined with the
RPA model for Tm derived from the neutron-scattering
experiments:®1°
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Il. EXPERIMENTAL DETAILS
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The crystals of thulium used in this study were cut from
the same ingot as that used in Refs. 4,7,9,10 and grown at the 3
Ames Laboratories. The dimensions of the sample used for 25 30 35 40 45 50

1 1

o
(<)

the magnetization measurements werex@l9x 0.2 mm 5 : . [
(mass 0.01212)gwith the ¢ axis parallel to the longest di- £ o)
mension. The longitudinal resistance sample had a cross- 84t ]
sectional area of 0.20 mfrand a lengti{separation between 2 °B=0
voltage probesof 4.5 mm. For the transverse resistance 8,3 ] :gf;'ﬂ ]
sample the corresponding dimensions were 0.35°rtimes %2 i eBon7T 1
5.5 mm. - °©B=40T

The magnetization was studied using the 12 T vibrating ';51 L ]
sample magnetomet€¥SM) at Birkbeck College. The op- =
eration of the VSM is described in Ref. 16. The resistance 0 0 S 15 20 25 30

and magnetoresistance measurements were made using the
four-probe dc method in conjunction with a Keithley 181
nanovoltmeter and Keithley 220 constant current supply: ap- FIG. 1. The temperature dependence of ¢hexis resistivity in
propriate current reversals were made to eliminate thermahulium (a) showing the effect of an applied fieléh) the first de-
electric effects. The cryostat was built by Oxford Instrumentsivative for B=1.0 T; (c) in various magnetic fields.
consisting of a variable temperature insert mounted i7 T
vertical-field magnet. The temperature was controlled andghe ordered phase at 37.3 and 30.0 K. Evidence of similar
measured using a calibrated carbon-glass thermometer transitions was also found in measurements made at other
conjunction with a Lakeshore DRC-93C Controller. fields between 0 and 2.7 *f.The effect of the applied field

To ensure the same conditions for each isothermal magn the low-temperature behavior of the resistivity is pre-
netoresistance and magnetization measurements the sampiesited in Fig. (c): p(T—0) has been subtracted to ease
were heated abov@&) (annealeyl and then cooled to the comparison of data. Between 0 and 2.7 T there is a steady
required temperature. Measurements as a function of tenghange in the curvature followed by a much more radical
perature were made while cooling in a constant field. change between 2.7 and 4 T, in which interval the system
makes the transition from the ferrimagnetic to the ferromag-
netic phase.

Figure 2 presents isothermal magnetoresistance and mag-
netization results obtained at 5[Kigs. 2a)—2(c)] and at 35

In Fig. 1 we present the temperature dependence of thk [Figs. 2d)—2(f)]. The samples used for the magnetization
resistivity measured in the longitudinal configuration, with and the longitudinal magnetoresistance measurements had a
field and current along the axis. Figure 1a) shows the demagnetization factdd <1 and the consequent demagne-
effect of an applied field. At zero field there is an upturn intizing fields were negligible. In the transverse configuration
the resistivity atTy~57.0 K corresponding to the behavior [Figs. Zc) and 2f)] demagnetization corrections have been
observed by Edwards and Legvdfdin contrast, the appli- made usin$f D=0.28. The magnetization data &K show
cation of a fieldB=4.0 T along thec axis, which drives the very clearly the transition from the ferrimagnetic phase, with
system ferromagnetic, quenches the upturn and the residualmoment of approximately dz per ion, to the ferromag-
zero-temperature resistivity(T—0) becomes significantly netic phase where the magnetization saturates at a value of
lower. Figure 1b) presents a detail of the first derivative of 7.14ug (in a field of 7 T). The transition occurs at 2.8 T for
the resistivity with respect to temperature in an applied fieldan increasing field and at about 2.0 T in a decreasing field.
of 1.0 T. The figure shows the presence of two anomalies it the transition thec-axis resistivity at 5 K[Fig. 2(b)] de-

Temperature (K)

IIl. EXPERIMENTAL RESULTS AND THE PHASE
DIAGRAM
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Figure 4 presents the magnetic phase diagram derived
] 05 sk from the resistivity and magnetization measurements de-
“f":% i D1 a0l oo Y - scribed above. The positions of the phase boundaries were
0,T)=0. . . . . . . .
s L ] 4 R defined by taking the midpoint of a transition for increasing
01 2 F'3Id Z‘T) 5 6 7 o1 2 F?Id :‘T) 5 67 field. The general form of the phase diagram is consistent
1€l el

with that derived from the magnetostriction and thermal-
FIG. 2. Isothermal magnetization and longitudinal and trans-expansion measuremettShere are however differences in
verse magnetoresistance at 5 and 35 K. the details. The first of these differences is the boundary
] between the ferrimagnetic and ferromagnetic phase. In Ref. 4
creases from approximately 4.6 to 1uX) cm, whereas the there are two additional phases between the two structures
change of thea-axis resistivity[Fig. 2(c)] is one to two or-  wjthin an interval of the field which corresponds to the de-
ders of magnitude smaller. At low temperatures the transitiofnagnetization field of 0.8 T not corrected for in that study.
appears to occur in a single stage for both the magnetoresighe present experiments show that the extra phases do not
tance and the magnetization. Figure@)22(f) show the  occur for samples where the demagnetization faBter1,
measurements made at 35 K for an increasing field. Thgng the transition between the ferrimagnetic and the ferro-
I‘esults indicate a IOW'ﬁeld transition as mal’ked by alrrows ah']agnetic phase is accomp”shed in a Sing'e Step. Another
B=0.4 T. As the field is increased there is a second transidifference in the two phase diagrams re'ates to the region
tion at 2.8 T after which the magnetization slowly begins tomarked A in Fig. 4. In the study by Zochowski and
in this transition to the ferromagnetic phase was about 0.8 £-axis modulated CAM) phase. The hysteresis and the step-
transverse magnetoresistance in Fid) 8hows more or less  gyggests that the demagnetization field, which was signifi-
the opposite behavior of that observed5aK though on a = cant in the magnetostriction measurements, may also be the

different scale. _ cause for this subdivision of th& phase.
Figure 3 presents the detail and temperature dependence

of the low-field transition observed in the temperature inter-

val 33—-40 K. The magnetization measurements at 35.0 and ]

37.0 K clearly shows that there is hysteresis of about 0.3 T f Thulium -
associated with this transition, thus indicating that it is of 5[ B Il c-axis ]
first order. The transition corresponds to the anomaly at 37.3 Eal ' E
K in the derivative of the resistivity at 1 [see Fig. 1)]. B Ferromagnefic T |

The relative variations of the resistivities obtained in the L7 Feomomomo——e— 8% s g

present experiments at zero field compare well with the pre- 20 ] ot % &
vious results obtained by Edwards and Legvdidut the o Forimagnetic o A J CAM 1‘ g
absolute magnitudes are smaller, by nearly a factor of 2 in 0 [ e Rl b

the c-axis case and about a factor of 1.3 for thexis com- 6 10 20 30 40 5 60 70

ponent. Although we cannot be sure of the origin of these Temperature (K)

differences, we suspect that they arise from possible errors or F|G. 4. The magnetic phase diagram constructed from the iso-
variations in the cross-sectional area of the samples in thgermal magnetization{), magnetoresistanceX(), and resistance
experiment of Edwards and Legvold. We note that ourin a constant field@). The division of the ferrimagnetic phase into
present results are consistent with the averaged fésmlit  two phases at nonzero field, which is indicated by the dashed line, is
tained on a polycrystalline sample. tentative.
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The magnetizatia measuremestat 35 K in Fig. 3(a) [or
at 37 K in Fig. 3(c)] indicake tha the pha at fields above
04T (or 0.8 T) would hawe an extrapolatd momer of about
0.12ug/atam (or 0.09ug/atom) in the limit of zem field. This
correspond very well to the momen expectd in the ferri-
magnett pha if it was the stabk zero-fiell pha at these
temperaturesHence the so-callel A pha® in Fig. 4 mud be
closely relata to the commensuralel ferrimagnett phase
found at temperaturg belowv abou 30 K, wherea the CAM
phag is the incommensuraklphag which was observed by
Brun et al. in the zero-fie case This raises the question
concernimg the preci® natue of the A phaseand the signifi-
cane of the nearl verticd dashéd linein Fig. 4 betwea the
ferrimagnett pha® ard the A phase One possibiliy is that
the commensuralel ferrimagnett structue has nat devel-
opead completey in the A phase that this is amixed phase
maintainirg sonme incommensuralkel features The othe pos-
sibility is that the anomalie defining this extra line do not
ariee from a pha® transitiom but from some othe drastic
modificatian of the system For instance the superzoe gaps
inducal by the periodc modulatel momen may lead to a
sudde chang in the properties of the conductia electrons,
which at zer field may just happe to occu close to the
commensurable-incommensurablpha® transition This
phae transitimn is influencel by the applied field, becaus of
the net momert in the commensuralel phase wherea the
position and the magnitue of the superzoe gas is only
weakly dependeton the field. A neutron-diffractio study of
the magnett structue of thulium in a field parallé to the c
axis revealel no evidene of ary anomalie<? in eithe the
wawve vecta or the intensities of the magnett satellites (fun-
damentaard third harmonic$, at the bounday betweea the
A and the ferrimagnett phasesln contrast clea anomalies
were detecte at the bounday betwea the A and CAM
phases Hence the neutracn experimersg do not shov any
indicatiors of the appearaneof an extra A pha® when ap-
plying a c-axis field.

IV. ANALYSI S OF THE RESISTANCE

Figure 1(a) shows the dramatt effed tha magnett order
has on the c-axis resistivity. In the zero-temperat@limit the
residud resistivity is change by a facta of neary 4 at the
transitian from the ferromagnett pha® to the phag with an
oscillating c-axis moment The explanatia for this behavior
is basel on the superzoe enery gaps createl in the conduc-
tion electrax band by the oscillating moment which was
considered by Mackintosh'? The sinusoid4 polarizatian of
the conductiam electran spirs induced by the RKKY interac-
tion betwea the spirs of the 4f electrors and the conduction
electrors leacs to enery gaps at the wawve vectors
(7=nQ)/2, whereris a reciprocal lattice vector ar@ is the
magnett orderirg vector The leading-orde temm corre-
spondto n=1, but the squarimg up of the magnett ordering
introduces othe odd intege values of n, and the higher-
orde coupling processgintroduce both even and odd values
of n. In the commensuralel case Q= (2/7)c*, the Brillouin
zore is reducel by a factar 7 compare to the nonmagnetic
one ard enery gaps may occu a the cente ard on the
boundaris of the new Brillouin zone Watsa et al.?! have
estimate the effects of the magnett orderirg on the band

8419

electrors in thulium within a nonrelativistt augmented
plane-wae approximation Therr calculatiors shaw the ap-
pearane of mary energy gags of up to 0.08 eV, at or close
to the Ferm energy Thes enery gaps resut in a large
reduction of the Ferm surfa@ area perpendiculato the ¢
axis. In orde to introduce the essentih effecs due to the
magnett superzons Elliott and Wedgwoa mack the sim-
pleg possibe assumptioain their calculations'® They found
that the conductiviy componen(specifial by the unit vector
u) perpendiculato the new zore boundary decrease lin-
early with the size of the enery gap Ae in the cae where
the zore bounday touches the Fermi surfa@ or cuts it into
two parts:

e’r (V- )2

B 47T3 ex=¢€p |Vk8k|

Tuu dS=dl(1-6,) (4.0
assumig a constam relaxation time 7 at the Fermi surface,
wher v, isthe Ferm velocity and dS is a surfae elemer of
the Fermi surface The relative reductioné,, of the conduc-
tivity is to afirst approximatia the sum of the contributions
from all the different enery gaps amorg which the domi-
nating terms are tho linear in the enery gap Further the
enery gaps of maja importane are those which are propor-
tiond to the main first harmonc of the magnett moments
M. Hene we may assume

8,=Ty M;/M?, 4.2

where M is the zero-temperatersaturatio value of the first

harmonic The superzor boundaris are perpendiculato the

¢ axis ard in the free-electra modé the resistivily in the

basé plare paralld to the boundaris is only affected to sec-
ond orde in Ae/eg. In principle the coupling of the elec-

trons to the lattice may introduce linear terns in the basal-
plare resistivity, but, experimentall the superzong do not

sean to have mud effed on the basal-plae resistivity in

ary of the heay rare-eaft metals™®>!*?? Edwards and

Legvold usal the Eqs (4.1) and (4.2) for analyzirg their

experimenth resuls on thulium!! They usel the approxi-

mat expression for the differert contributiors to 7 which

were considerd by Elliott and Wedgwoodt® In the fit of the

c-axis resistivity they used I';=0.86 ard they assumd the

basal-plae resistiviy to be unaffectel by the superzone
gaps I',=0.

If the effect of the superzong are neglecte the Boltz-
mam equatio determinirg the resistivity may be solved us-
ing the variationa principle1®%*24 Assumiry free-electron-
like behavio ard the RKKY coupling to be g independent,
the magnett par of the resistivity is®2*

. F i)k
= w
P=Pmag) O SintR (el 2kgT)

1
; ;(X/c;a(q’w)>q
4.3
with the weighted q averag of the susceptibiliy tensa@ com-
ponens given by

”n _ 12 ZkF % 2.n
<Xaa(q,w)>q——(2kp)4fo quJ 77 (AW Xaa(G0).
(4.9
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In the high-temperatw limit these expressioa predid the
spin-disorde resistivity to satura¢ at

p— psp=I(I+1)pYag 4.5

When the scatterig of the electrors again$ impurities and
phonors is included the totd resistivity is®®

Ptota™ Prest Pphont Pmag: (4.6)

whete the impurity contributionp,e is considerd to be in-
dependenof temperatue and applied field. The phona con-
tribution pphon is determind by the Bloch-Grineisen
formula®

( T) f@)/T z°

=pol = —dz 4,
Pphon— PO e} 0 sinl’12(2/2) 4.7)
with aDebye temperatur® of ® =167 K in thulium. If the q
variation of the magnett contributian (4.4) is neglectd it is
straightforwad to repea the calculation of Elliott and Wedg-
wood and include the effed of the superzoe boundaris in
the variationa calculation of the magnett resistivity contri-
bution To leadirg orde we may generalie their resut and
write the final u componenof the resistivily as

uu Pres+ Pphon+ pmag

4.9
Ptotal™ 1-T Ml/MO

with pmagdetermlnel by Eq. (4.3 andpphon by Eq. (4.7). The
g averag (4.4) will be affectad by the superzonegsbut the
extra effecs may be unimportah compare with thos al-

read/ neglectd during the derivatian of Eq. (4.4). In the case
of thulium mog of the dispersie effect are week becaus of

the relatively smal magnitue of the RKKY coupling For
instancethe width of the spin-wae enery bard at low tem-
peraturs amouns$ to only abou 20% of the enery gap in

the spin-wae spectrum Hence mog of the contributiors to

Pmag ae reasonalyl well describe in terms of the mean-field
susceptibility averaged over the different sifes,

<X2a(q1w)>q:XZra(w)|MF (49)

instea of Eq. (4.4). In thulium the mean-fietl approximation
provides agoad estimae of the q averagilg excep for two

features Nea Ty, the critica fluctuatiors at small  for g

clos to Q may be so large tha they may dominae the be-
haviar of the g-averagd susceptibility Secondly the disper-
sive effects canna be neglecte when considerilg the cou-
pling betwee the magnett excitatiors and the phononsThe
coupling betwea the transvers phonors and the magnetic
excitatiors propagatig along the ¢ axis in thulium is

important! ard there are indicatiors tha the sane coupling
is just as large for the excitatiors propagatig in the basal
plane®° For the purpo® of making an orde of magnitude
estimae of this contribution,pry’,, we have assumd the cou-
pling to be isotropt in q spae and 2kg in Eq. (4.4) to be of
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pha® has two consequencest makes the calculatel results
less sensitive to the precie way the weighting in g spae is
performed Secondly it increase the volume in the Brillouin

zore whete low-energy scatteriig may occu (this being of
the order of the factar of 7 by which the Brillouin zore is
reducel in the orderal phase. The calculatiors shav that the
modificatian of the magnett pat of the resistivity due to the
magnon-phon interactio is of no importane in the ferro-
magnett (or paramagneticphase but that the g mixing in

the ferrimagnett pha® increass the effed of this coupling
so mudh tha its contribution to pp,, is estimate to be the
dominatirg one belowv ~12 K.

The resistivily in the different phass of thulium has been
calculatel as describe above The mean-fietl value of the
susceptibiliy tensa usal in Eqg. (4.9 was obtainal in the
ferrimagnett pha® from the modd establishd by McEwen
et al.” This modé predics the critical field for the ferri- to
ferromagnet transition to be 4.2 T, which is 50% larger
than the experimenthvalue This discrepang may be re-
moved by including the large magnetoelasti contribution
associatd with the 0.7 chang of the c-axis lattice param-
eta which occus at the transition*® The neutron-scattering
experimend shav tha the spin-wae energy g&p at low tem-
peraturs changes from abou 8.5 meV in the ferrimagnetic
pha® to abou 6.7 meV in the ferromagnet phae at afield
of 4 T. We haw included this shift in the anisotroly energy
by introducing somewha arbitrarily, the appropria¢ modi-
fication of the crystal-fie paramete Bg proportion4 to
(02). This modé is apreliminay one which indicates that
the change of the spin-wae energy gap is not necessanl of
much importane for the resistivity, since in practie we ob-
tainad almog the same resut whethe the energy shift was
included or not.

Figure 5 shows the compariso betwea the calculated
resuls and the c-axis resistiviy measuremestin a c-axis
field of O and 4 T. The resistivity parametes used in the fit
are given in Table |, ard the calculate contributiors to the
resistivity in zer field are presentd separatsf in Fig. 6. In
this figure the magnett pat is divided into three compo-
nents arising from the coupling betwea the magnett exci-
tatiors and the phononsp,, , the longitudind partpanagdueto
the cc susceptibiliy componehand the transvere part p;ag
deriving from the sum of the two basal-plam components.
Surprisingly the longitudind fluctuatiors dominate not only
close to Ty but also at low temperaturs (abowe 12 K). The
variation of the mean field from site to site leads to stronger
longitudind fluctuatiors in the ferrimagnett pha® at low
temperature than in the ferromagneti one Figure 6 indi—
cates tha there is still an apprecial# variation left in pmag
and pmag at 80 K (notice tha in the hlgh temperatue limit
pLag is going to be twice as large as pmaQ However con-
siderirg the tota contributionp _pmag-l- pmag then it is

already abou 95% of the saturatnm value pgpq @ Ty and

the orde of 27/c. These approximations are crude but pre-hen@ the phonm contribution completey dominate the

sene the essentihfeatue tha there is magnett scattering
intensiy occurrirg at all the energis of the phononswhere
the low-enery patt has an exponentialy strorg weight in

Eq. (4.3 at low temperaturesThe mixing of the scatteriig at
different placesin g spa@ which occus in the ferrimagnetic

temperatue derivative of the resistivity abow Ty . In the
zero-fie case the resistiviy measuremesthawe been ex-
tendel up to room temperatue and the Bloch-Grineisen for-
mula Eq. (4.7) produce a nearl perfed fit of the dat be-
tween Ty ard room temperature.
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FIG. 5. Thec-axis resistivity at zero field and in a field of 4 T FIG. 6. The different contributions to the calculated variation of

applied along the axis. The experimental results are the same as irPtotl at 2ero field. The impurity termjeswhich is assumed constant
Fig. 1(a), which are compared with the calculated behavior shownwhen the superzone gaps are neglected, shows the variation of the
by the solid lines. The dashed line shows an alternative account dgctor (1-I'cM;/M7) ™~ in Eq. (4.8).

the superzone effects which assumpg$, to be proportional to (1 ) i )
—aM?) instead of using EqA4.8). because the applied field removing the superzone gaps also
gives rise to an additional effect not included in the analysis

. . above. Due to the Lorentz force there is an increase of the
Figure 7 shows the low-temperature behavior of theresistivit in the transverse geomeffywhich according to
c-axis resistivity at various fields. The most striking effect y g 9

here as in Fig. 5 is the strong difference betweenciais Kohler’s rule is proportional to the square of the field at low

resistivity in the two phases of thulium produced by the Su_f|elds. This effect is responsible for most of the field depen-

perzone energy gaps in the ferrimagnetic phase. There adence observed ® K and shown in Fig. @) and is impor-

- ; Ere Afeht in most of the low-temperature regime. The larger
ﬁgg;ﬂggi:ffncéso?utﬁetocf)?ﬁri[)i?i%ﬁéogu(g :getrllgn?%gjgr'%?]lphanges observed at elevated temperatures and illustrated in
phonon interaction at the transition to the ferromagneti Fig. 2f) are reproduced by the present theory. For instance

She slope of the resistivity as a function of field in the ferri-

phase, which lead to a visible change in the Iow—temperatur%agnetic phase changes sign from being negative between

variation of the resistivity. The good agreement between -7 ) o )
theory and experiments shown in Fig. 7 indicates that the 15-40 K(opposite sign of the contribution due to the Lor

changes predicted by the theory are indeed occurring éntz forcg to being positive above 40 K and bell
Figure 8 shows the behavior of the resistivity in the basal The value ofpy has been adjusted so that the calculated

plane, and the calculated results at zero field and at 3 f'aXiS resistivity_ agrees with the experimental one at room
illustrate those differences between the two phases which a_gmperature. T.h's Ieads_to a less satisfactory fit JUSt.aUQV(.a
still left when the superzone effects are neglected. The conil Fi9. 8 than in thec-axis case. One way of removing this
parison with the experimental results at zero field shows 9|§crepancy would be 'to f’.‘ss¥me an amso.troplc' R.K.KY. cou-
better overall agreement but a less satisfactory account of tHdiNg: SO that the contributiopy,,yto thea-axis resistivity is
low-temperature behavior than obtained in the case of th§nhanced by a factor of about two in comparison ‘,’”’,'mg;
c-axis resistivity. The low-temperature discrepancy may bdlowever, this seems to be a much too drastic modification of
due to the fact that the superzone energy gaps in the secoffse magnetic properties in comparison with the rather minor
order may increase the conductivity in the basal planechange of th@-axis resistivity produced by the modification.

Whether or not this is the right explanation is difficult to say,
V. DISCUSSION AND CONCLUSION

TABLE |. Resistivity parameters in units k() cm andl’, From the magnetoresistance and magnetization measure-
used in the calculations. ments the phase diagram of thulium in the presence of a field
in the c direction has been derived. At low temperatures and
Comp. Pres Pe Pspd Ty fields the system is ferrimagnetic, corresponding to a com-
cc 1.22 9.45 7.40 0.73 mensurable square-wave modulated ordering ofctli®m-
aa 0.92 31.0 21.2 0 ponent. At high temperatures but beldw the modulation

of the c-axis moment becomes incommensurable with the
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Temperature (K) FIG. 8. The experimental and calculated magnetoresistance of
thulium when the current is in the direction.
FIG. 7. The comparison between theory and the experimental

c-axis resistivity obtained at low temperatures at the different val_reSiStiVit does not chanae proportionally k- but rather
ues of thec-axis field. In comparison with Fig.(&) the experimen- Y 9€ prop y 10y

tal results at 2.7 Tishowing a mixed-phase behavidrave been proportionally toM7 as indicated by the dashed line in Fig.

replaced by the results obtained at 3 T, and the residual resistivitiea- 1he Critical' effects expected in this temperature regime
have not been subtracted in the present figure. seem to be unimportant: at least these effects should enhance

the resistivity in comparison with the mean-field behavior

lattice. The experiments indicate an intermediAtephase rather than the opposite. Thermal activation across the super-
between these two phases in the presence ofais field.  zone energy gaps neglected in the theory should be unimpor-
However, this interpretation is uncertain, and it requires adtant as soon aMllM(l) is larger than~0.06 (0.1 K below
ditional experimental investigations to decide whether theT,).
anomalies observed in the derivative of the resistivity, or in  Apart from the different influence the superzone energy
the thermal expansichat the boundary between the ferri- gaps have on the-axis resistivity, the present account of the
magnetic phase and the phase, are reflecting a true phase magnetoresistance of thulium is acceptable and it is much
transition or are due to other drastic modifications of theimproved in comparison with the previous ofeThe resis-
system. We note that the neutron-diffraction experimentsance in thulium behaves in a way which is consistent with
show no anomalies at this bounda&fy. the RPA model established by McEwehal.” The compari-

The most striking effect observed in the magnetoresisson between the theory and the experiments is improved
tance of thulium is the large change in theaxis resistivity ~ when including the isotropic extrapolation of the magneto-
at the transition between the ferri- and ferromagnetic phaseglastic contribution derived for the excitations propagating in
The superzone gaps reduce ttwaxis conductivity by the the ¢ direction’ However, the improvement is marginal be-
factor (1-T'.) "1=3.7 in the zero-temperature limit. The de- cause the effect is small and only of slight importance at the
scription of the magnetoresistance in thulium obtained by theery lowest temperatures.
present calculations is satisfactory if the effects of the super- In an anisotropic ferromagnet the longitudinal part of the
zone gaps are small or vanish, as is the case foathgis  susceptibility in Eq(4.3) may be neglected to a first approxi-
resistivity or for thec-axis resistivity in the ferro- or para- mation in comparison with the transverse spin-wave contri-
magnetic phase. This circumstance allows an accurate abutions. In this casé?® the magnetic resistivity becomes
sessment of the superzone effects, which according to thgroportional toTexp(—A/kgT) whereA is the energy gap in
theory of Elliott and Wedgwodd'* should scale linearly the spin-wave spectrum. At low temperatures thulium is a
with the modulated magnetization, E@.8). The compari- well-defined spin-wave system, but the approximation which
son at zero field in Fig. 5 shows that this is roughly true, butapplies for instance in terbium, does not apply here for sev-
there are systematic deviations between the effects predictedtal reasons. The modulation of the mean field from site to
by the theory and the observed behavior. The higher oddite allows large longitudinal fluctuations in the ferrimag-
harmonics developed due to the squaring up ofdkexis netic phase and it turns out that the contribution from these
moment may give rise to a more complex variation of thefluctuations dominates in the ferrimagnetic phase at tempera-
superzone energy gaps, but just belBythe higher harmon- tures above-12 K. The other reason is the weakness of the
ics may be neglected, and in this temperature regime thexchange coupling compared to the crystalline anisotropy
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terms, which implies that poles, other than the spin-waven the analysis of the superzone effects occurring, for ex-
pole, in the transverse component of the susceptibility tensaimple, in the magnetically modulated phases of erbium and
rapidly become important when the system is heated. holmium.

The present work on thulium has revealed that there is a
need for a closer examination of the effects which the modu-
lated magnetic ordering have on the conduction electrons. ACKNOWLEDGMENTS
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