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A comprehensive resistance study of erbium subjected to a hydrostatic pressure is presented. From the
experimental results we derivepaT phase diagram for the magnetic phases in erbium. In the zero-temperature
limit, the conical structure is predicted to transform into the cycloidal one at a pressure of about 1.3 kbar.
Experimentally, the transition is found to occur between 1 and 3 kbar at 4.5 K. The experimental results are
analyzed in terms of a variational calculation of the resistivity using the model developed for erbium from
previous experiments. The theory of Elliott and Wedgwood is utilized in the account of the superzone effects.
The analysis indicates that tleeaxis resistivity is slightly affected by the superzones. In dfexis case the
superzone effects do not simply scale with the magnetization, but also reflect the 20% change of the ordering
wave vector. This occurs betwe&R and T at ambient pressure, and at 4.5 K when the pressure is increased
from 1 to 3 kbar. It is tentatively proposed that the tilted cycloidal structure exists in Er, just dpoae
ambient pressure and in the interval between 1.3 and 9 kbar at zero temperature.

[. INTRODUCTION peaks along the axis at=(2n+1)Q+mc* for odd integer
values ofm. These indicate that the magnetic structures de-
The first detailed neutron-diffraction study of erbium waspend on the two orientations of the hexagonal layers in the
reported by Cablet al' They found that betweefiy=84 K hcp lattice, implying that the structures are distorted by in-
and 52 K the magnetic structuredgsaxis modulatedCAM)  teractions which have threefold symmetry arounddtais.
with the amplitude of the moments varying sinusoidally. TheThe resulting structures betwedi and T, are “wobbling
ordering wave-vectoR is close to? c*. Below T =52 K ¢ycloids,” in which there is a smalt-axis moment oscillat-
the moments in the basal plane are ordered,Qmitadually  ing with a period different from that of the basic cycloidal
decreases to becomee” just aboveTc=18 K. For tempera- gt cture lying in thea-c plane. Because of this-axis com-
tures belowT they observed a conical structure with the ponent, the43)-structure should rather be denoted tfié¢3}-

moments para;lllelbto thle ?X'S bfelng.ferron;]a%netjﬁhand thel structure, as it only repeats itself after each 14 layers. The
moments in the basal plane forming a helix. These ear y‘trigonal” couplings in Er produce a nonplanar distortion of

; 2
results were confirmed by Habenschasl,” who observed cycloidal structure and probably also cause the lock-in

a gradual development of higher harmonics with decreasin 5 o« .
temperatures indicating that the structure is squaring up%.ﬁceCt atQ=z; ¢ observed in the cone phasthe cone

Gibbset al. found a series of lock-in phases beld@yy using anglg in E_r is so small, about 28°, that the hexagonal anisot-
magnetic x-ray scatteringThese commensurable structures ropy is unimportant . A

are regular arrangements of 3 or 4 hexagonal layers of mo-. Therg has been con3|derable_act|V|ty mlthe study of er-
ments with an alternating positive or negative componenPium With a focus on the magnetic phase diagrams. Notable
along thec axis. The seven-layere@3)-structure observed amo.ng'st these are th(g neutron-diffraction stugiles of Erin a
close toT}, thus comprises 4 hexagonal planes of moment&-aXis field by Linet al.” and by McMorrowet al.” The gen--
with a positive c-component followed by 3 planes of mo- ©ra! features of the two phase diagrams are quite similar,
ments with a negative-component. As the temperature is With some differences in the cycloidal phase. The magnetic
lowered, triplets are progressively replaced by quartets, untphase diagram has also been derived by Eccleston and
the system just abov&; consists of quartets only, which is Palmef from ultrasonic attenuation and by Zochowski and
the (44)-structure withq= % c*. Using a large single crystal McEwer? from thermal expansion and magnetostriction
and a triple-axis spectrometer for isolating the purely elastigtudies. Both results show correspondence with the diagrams
scattered neutrons, Cowley and Jensen were able to detgtetermined from the neutron-diffraction studies. The mag-
mine the intensities of most of the harmonics in the commennetic phase diagram for a field applied in the basal plane has
surable structures of Er The experimental results were been derived from neutron diffraction by Jehetal ° and
compared with the diffraction intensities of the correspond-from resistivity measurements by Watson and 1li.

ing structures predicted by a mean-field model. This com- The thermal-expansion measurements performed on Er by
parison confirmed that the basic feature of the commensiRhyne and Legvoltt revealed abrupt changes of thestrain
rable structures is the one proposed by Gilghsl. The  parameterses; and €11+ €55, at Tc. Utilizing this result,
neutron experiments also showed the presence of scatteridgnsen and Mackintosh predicted that the magnetoelastic en-
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ergies would cause the cone structure to be unstable at a° 8011 I S I e e
temperatures, when applying a hydrostatic pressure of morc g
than approximately 2.5 kba?f. There have been two recent
reports of the influence of hydrostatic pressure on the mag:
netic structures of Er by Kawanet al1**® They measured 30
the magnetic Bragg peaks at an applied pressure of 11.5 an
14 kbar. At 11.5 kbaiTy is reduced to 82 K. The ordering
wave vector goes through a maximum at 50 K, and below 10
about 40 K it stays constant at the valée*. From their ok
analysis they concluded that the structure is cycloidal below ¢o
Ty=46 K down to the lowest temperature studi@ds K).
There have been several early studies of bulk and transpoi~
properties for Er under hydrostatic pressté® However,  § 40
to date, there exists no detailed exposition of ph& phase 3 5,
diagram for erbium. [
In this paper we present the results of resistivity measure-2 2°
ments made on a single crystal of erbium. The measurement 1o
were made on a longitudinalaxis sample under hydrostatic .
pressure. From these measurements we deripelgphase 60 —
diagram. In accordance with previous experiments at ambi-
ent pressuré® the c-axis resistivity shows a rapid increase
belowTy . This is ascribed to the development of gaps in the  4of
electronic bands at the superzone boundaries introduced b
the magnetic periodicity? The theory was developed by
Miwa for the particular case of Ef, and a more general 20k .
account was later presented by Elliott and Wedgw&ad. 10 1.5 kbar 12.0 kbar ]
Here, the magnetoresistance of Er is analyzed using the samr
theoretical approach applied recently in the case of %020 30 50 80 00 o0 20 20 80 80 100
thulium2* The variational result for the resistivity is com- Temperature (K) Temperature (K)
bined with the Elliott-Wedgwood theory for the superzone . . .
effects, and the magnetic response function is determined F'G- 1. The isobaric temperature dependence ofcthatis re-
from the RPA modét® derived for Er from previous SIStIVIty,. w!th .the temperatures of the various transitions and
neutron-scattering experiments. anomalies indicated by arrows.

40

20

voltage was measured with a Keithley-181 nanovoltmeter
[l. EXPERIMENTAL DETAILS and a constant current of 30 mA was provided by a Keithley-
220 constant current power-supply. The cryostat was an Ox-

A large single crystal of erbium was grown using the . . .
strain-anneal method described in Ref. 25 and was cut fronf10rOI variable-temperature inseUTl) with a temperature

the same ingot as the crystal used in Ref. 9. The dimensionggcgﬁi?;t_\?i/eelinn}f r?(;dwi?ghKéoTjT(Ijsa(gr):i?a S\‘/tstﬁ\(':%z I’(T)]fOlljntteod;ﬂ
of the c-axis resistivity sample weré\,=5.5x10 % cn? 9 P

. _ : T. The temperature was controlled and measured using a
(cross-sectional argaand | =0.45 cm (separation between librated b | h . : ) th
voltage probeks calibrated carbon-glass thermometer in conjunction with a

. Lakeshore DRC-93C Controller. Two geometries were stud-
The pressure-dependent resistance measurements Wele i ih : The fi . f
made, in Vienna, with the current parallel to thexis using 'éd In the magnetoresistance. The first series of measure-
o ’ ... ments were made with the current and field parallel toche
a 4-terminal dc method. The voltage was measured with a_- L
. axis (longitudina), and the second set of measurements were
Keithley-181 nanovoltmeter and a constant current of 30 mA - : X
. ) made with the current parallel to the axis and the field
was provided by a Knick constant current power-supply. The X
. . . parallel to thea axis (transversg Both sets of measurements
cryostat was a Cryophysics variable temperature iris@ft) were made while cooling the sample in constant field
with a temperature range between 1.5 and 300 K. The tem- 9 P ’
perature was controlled and measured using calibrated ger-
manium and platinum resistance thermometers in conjunc- IIl. EXPERIMENTAL RESULTS
tion with a Lakeshpre DRC—91C Controller. The hydrostatic AND p-T PHASE DIAGRAM
pressure was applied using a clamp cell with a teflon capsule.
The pressure transmitting medium was a mixture of 4:1 Figure 1 shows measurements of the temperature depen-
ethanol-methanol. The pressure was determined using twa@ence of thec-axis resistivity at a series of constant hydro-
manometers. The purpose of the two manometers was t®fatic pressures. The figures have been annotated with arrows
ensure that the pressure remained stable across the entigindicate the various observed transitions or anomalies. The
temperature range. All the measurements were made by hedeeasurement at 1 bar is consistent with earlier
ing the sample at constant pressure. measurementS. The resistivity increases beloWy =85 K
The magnetoresistance measurements reported here weretil the temperature derivative changes its signm gt 52

performed in London also using a 4-terminal dc method. TheK. In the cycloidal phase below this temperature there is an
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FIG. 2. The isothermal pressure dependence otthgis resis-

tivity in Er at 4.5 K. The theoretical result shown by the solid line  FIG. 3. p-T phase diagram for erbium. The solid lines are linear

is discussed in Sec. V. fits to the data with the fit parameters listed in Table I. The dashed
line shows the theoretical estimate Tf .

anomaly atT,=27.5 K and the resistivity finally decreases

rapidly atTc=20.2 K. The application of a hydrostatic pres- which is presented in Fig. 3. With the exceptiorTef all the
sure ofp= 0.5 kbar introduces slight shifts in the positions of transition temperatures in the diagram show hysteresis. The
the anomalies. However, there is a significant change in thgesults shown here were obtained on heating, and the anoma-
transition afl ¢, which becomes much broader with the mid- lies below T are shifted down by 2—4 K on cooling. The
point shifted toT ¢ = 17.3 K. At higher values of the pressure, phase diagram may be compared with previous results ob-
p=1.5 kbar, the transition between the cycloid and the conéained by Milton and Scot? who measured the ac-
structures is no longer discernible from the data. However, ahductance of polycrystalline Er as a function of temperature
1.5 kbar there is still an anomaly in the temperature derivaat various pressures ranging from 0 to 7 kbar. As shown in
tive located at 11 K. Ap=4.5 kbar the anomaly &t, istoo  Table | our results for the pressure dependencBoénd T
weak to be identified. Instead a new one has appear€g.,at are in reasonable agreement with those of Ref. 16. In the
which becomes more pronounced at 7.5 kbar, and is stilneasurements of Milton and Scott the anomaly observed at
visible in the derivative of the resistivity at 12 kbar. Tc is weak and disappears with pressure above 3 kbar. Their
The ferromagnetic cone structure is difficult to track in result ford T /dp is a factor of 7 smaller than ours, but both
the temperature-dependent measurements and therefore w&yits depend on the way the measurements are interpreted
present an isothermal plot of the pressure dependence of th@d are subjected to large uncertainties. Milton and Scott
resistivity atT=4.5 K in Fig. 2. Betweerp=0.5 and 3.5 j3|so reported a transition centeredrat 27 K. This observa-
kbar there is a rapid increase in the resistivity. It stays nearlyion appears to agree with the anomaly markedrgyn the
constant between 3.5 and 7.5 kbar and is then observed Kesent study. However, the influence of pressure differs in
decrease to a new constant level existing above 10.5 kbar. Afie two cases, as the position of the peak observed by Milton
discussed in more detail in the next section, the measureyg Scott was nearly unchanged when the pressure was var-
ments show that the superzone effects in Er not only depengdq.
on the size of the energy gaps but also on their positions in - As discussed in Ref. 13 the low-temperature cone struc-

reciprocal space. Therefore, one possible explanation of thgre is destabilized by a hydrostatic pressure due to two-ion
isothermal behavior shown in Fig. 2 is that the transitionmagnetoelastic interactions. Defining\e,, = €, (cone)

from the cone to the cycloidal phase occurs in the interval_ €,.(cycloid) then the thermal-expansion measurements
from 0.5 to 1.5 kbar, which, in the next interval between 2.0jndicate that Aezz=3.1x103 and A(egy+ey)=—2.4
and 3.5 kbar, is followed by a large change of the orderingy 19-3 gt Tc (at ambient pressuyé! These values were

> .
wave vectoiQ from about; ¢* to about; c*. Itis clear from  ysed in the comparison of the elastic energy difference with
the isobaric behavior that the application of the hydrostatighe magnetic free-energy difference between the two struc-

loidal structure and the cone. Théa-ratio changes by about

0.5% at the transition which may give rise to an inhomoge-
neous distribution of domains whenis close to the critical

pressure. The present experiments indicate that the transiti
from the cone to the cycloidal structure at 4.5 K is accom-
pIishe_d_ fully, at least at the pressure of 3.5 kbar, and thus thatTemperature(K)
the critical pressure has a value lying between 1 and 3 kbar

TABLE |. Parameters deduced from linear fit to datapifl’
hase diagram, compared with the resgRef. 16 of Milton and
cott shown in the last column.

dT/dp (K/kbar) dT/dp (K/kbar) (Ref. 16

A more precise description of the transition will require aTy 85.8+0.1  —0.31+0.02 -0.26+0.2
direct determination of the structures by diffraction measureT 51.060.3  —1.09+0.05 -1.3+0.2
ments. Ty 42+1 —2.54+0.13

Figures 1 and 2 show a selection of the data gathered im, 28.3+0.4 —2.66+0.11
the pressure experiments. The total number of results havg, 20.5+0.3 ~6.0 ~08

been used to construct theT phase diagram for erbium
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80 pr T A I I I netic and the conical pha$é The c-axis field suppresses the
sof Bllcaxis B=10T] | Bllaaxis B=1.0T] modulated ordering of the-axis moments, so that the only
wl il CaX'A‘_ P illcaxis ] possible structures left f@=2.7 T are the paramagnet and
the cone. The superzone effects are relatively small in the
30 ] e ] cone phase. In contrast, a field applied alongatexis has
ook ] b ] little effect on the modulated ordering of the moments along
j the ¢ axis. Thus in this configuration, the effects of the su-
10 1 [ ] perzones are large, even at a field of 6 T, until thaxis
ol b b R moments become ferromagnetically aligned at low tempera-
80 L L I I I tures. The structures produced at intermediate values of the
50F B=27T] L B=3.0T] a-axis field are complicated fan structures which have been
£ studied by Jehaet al®
a 40 7 oy 7
3.
= %F 1 1 IV. THEORETICAL ANALYSIS
o 20F 1t ] OF THE RESISTANCE MEASUREMENTS
[=%
Tor S E The experimental results show a number of dramatic ef-
)] PP B IR E B P R S B fects of the magnetic ordering of Er on the resistivity. The
60 T T S L I I B most important coupling between the conduction electrons
50 B=6.0T] : B=6.0T] and the magnetic moments of thef Zlectrons is the
ol E O ] Ruderman-Kittel-Kasuya-Yosidd&RKKY )-exchange interac-
/\_ tion. The effects of this coupling on the resistivity have been
30t g 2 g ] discussed in detail in a previous paper analyzing the magne-
20k ] E ;’ ] toresistance of thuliurft Assuming a free-electron-like be-
havior of the conduction electrons and neglecting qhee-
B3 ] / ] pendence of the RKKY coupling, theu-component of the
PRI S NS S U NVET N BT S T B Y PRI BTSN BT AU B SR . . . ~
°0 20 40 80 8 100 0 20 40 60 80 100 mggnetslcmrge&stlvny, defined by the unit vectoy may be
Temperature (K) Temperature (K) written'®#4
FIG. 4. Magnetoresistance along tbexis of Er in a field ap- uu Pspd [ holkgT
plied parallel to thec axis (left) and parallel to thex axis (right). Pmag JO+D) ). ( w)4 SN a/2kgT)

zero-temperature limit the magnetic energy difference was 1

estimated to be 0.033 meV/ion corresponding to a critical x> ;(Xﬁa(q,w»q, )

hydrostatic pressure of 2.5 kbar. The present mean-field “

model of Er leads to the higher value of 0.051 meV/ion forwhere the weighted) average of the susceptibility tensor

this energy difference. On the other hand the neutroncomponents is given by

diffraction experiments of Habenschusisal. show changes

of the lattice parameters at the transitfomhich areA es3 12 [2ke do N

=3.9x10 % andA(eq;+ €,)) = —2.0X 10" 3. Using their re- <x’;a(q,w)>q=—4f qdqf 4—q(q- W)2X a0 )

sults and the average value for the calculated energy differ- (2kg)" /o T

ence between the two structures, the critical pressure at zero (2)

temperature is derived to be 8.3 kbar (the absolute [the factor 3 in Eq(4.4) of Ref. 24 should be replaced by

lower limit is about 0.9 kbar and the upper one 3.8 kbar 12]. In the high-temperature limit the magnetic resistivity

The calculated phase-line corresponding to this estimate isaturates abspa Which is proportional to the square of the

included as a dashed line in Fig. 3. matrix element of the RKKY coupling. The total resistivity
In Fig. 4 we present the results of a magnetoresistancg the sum of three contributions,

study for Er with the current parallel to theaxis. The left

side of the figure shows the longitudinal resistivity and on 0" = PresT Pphont Pmag (3)

the right we present the transverse resistivity vistiparallel

to thea axis. The longitudinal magnetoresistivity shows that The impurity contributiorpy, is assumed to be independent

at B=1.0 T the Nel transition is atTy=84.3 K and is of temperature and applied field or pressure. The phonon

followed by a transition af'y,=54 K. Below this tempera- contribution is determined by the Bloch-Grisen formula

ture the resistivity decreases almost linearly untilgt= 37

K there is a sharp decrease in the resistivity. For a constant w wl TV (T2

field B=2.7 T the temperature dependence of the resistivity Pphon—Pe | g JO Wdz’ )

has changed dramatically. There is a small increas& at

=65 K and the position of this feature was found to decreasevith the Debye temperatur® =192 K for Er.

in temperature as the field was increased. Bet6.0 T this In the case of thulium, the absorptive part of the suscep-

transition is more pronounced and occursTat43 K. We tibility tensor is quite well described by its mean-field value,

attribute this anomaly to the transition between the paramagaveraged over the different sit&s,
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1 TABLE II. Resistivity parameters in units g cm, andI'®
Xro(Qyw))g=— E Xoo(i,0)|vE- (5) defined in Eq.(9) assumingM? to be the calculated maximum
aa q N 4 aa 1
: value of 10.9ug.
We expect the same to be true in erbium, with the exceptior

that the low-energy spin waves may be important in the con&omponent Pres Po Pspd Ly
phase in the low temperature limit. Close to a magnetic. 5.86 215 18.0 0.71
Bragg peak af) the dispersion of the spin wavéss linear, aa 8.4 50.0 324 0.14
e~A|g—Q|, and to leading order ikgT we find ' ' ' '
. K|<2k ~
()= pspd-Sint (kg T)? M3 (K-0)? model established by Cowley and Jen8emhich includes
aer A (J+1)A3(2kp)*  KS7=Q K| the trigonal coupling. In spite of the better description of the

(6)  magnetic properties of Er offered by the present model, and
. . . 2 . the use of the more accurate variational result for the resis-
Wheref_ls a reciprocal-lattice vectot. siné.~5 meV is an tivity, the calculated result for thec-component at ambient
axial anisotropy parameter ard=12 meV A . pressure does not differ much from that obtained by Miwa.

q The d effectt;]ve numb::*.r of delgctronstﬁarg};nlg\(th? curtr_ent-l-his means that the discrepancies between the calculated and
epends on the magnetic ordering via the Interactiony, o experimental results are rather large in the intermediate

The most significant changes occur when tiferdoments phase betweef, and T¢, and, for instance, the jump pre-

are oscillating. The RKKY coupllng then leads to ENEI9Y dicted atT is about twice the observed one. The result for
gaps at the superzone boundariesat (Q)/2, whereQ is Er obtained by Elliott and Wedgwo®d compares even

the magnetic ordering wave vectpr. The leading-order termWorse with the experimental resistivity. They assumed that
corresponds to= 1, but the squaring up of the ordered mo-

ments and the higher-order coupling processes introduce vaﬁr—]e basal-plane ‘components are ordered in a heliy (

ues ofn different from 1. The energy gaps are proportional to - dAy) (kj)eéw eCen'kI;,I\‘ atndl-I;CB -It-h's vgc_ls also gh% strcuctulre con(;
the harmonics of the oscillating moments and may be estis/aéred by Lablest al,” but as discussed by Lowiey an

mated to be of the order 0.1-0.2 eV in Er at maximum Jensen, this structure may only occur under certain special-
Considering only the first harmonic of the moments, then ir]lzed conditions, and it is not compatible with the results of

the free electron model, the four electronic modes-&/2 the_:_rhd|f£Lact|ondexper|mtenté. t satisfactorilv for the t
are split by two gaps given by e theory does not account satisfactorily for the tem-

perature dependence of the resistivity in the cycloidal phase
AL=|VAT+AZEA,

, ) of Er at 1 bar. However, the comparison is much improved
when considering the present results obtained at hydrostatic

whereA , is a RKKY-coupling constant times the first har- pressures exceeding 4.5 kbar. The only significant difference
monic of thea component of the ordered moments. It is between the cycloidal structures at low and high values of
assumed that both theandy components, and theandz  the pressure is the way the ordering wave vector depends on
components, are 90° out of phase. In the CAM-phase onlyemperature. The neutron diffraction experiments show that
A, is nonzero and the average gap- (A, +A _)/2=A,. In  Q stays constant & c* below T} at 11.5 and 14 kbdr, in
the cycloidal phase both, andA, are nonzero, and are, in contrast to the rapid variation, by about 20%, showrChat
general, different from each other corresponding to an ellipambient pressure. Hence, the only explanation for the defi-
soidal polarization. In the case of Br,>A, and the average ciency of the theory at low pressure is tiiatin Eq. (8) does
gap is agail =4, . In the cone phas&,=0 andA,=A,in  not stay constant but depends @ The dependence is as-

which caseA=A,. sumed linear iMQ and Eq.(8) is replaced by
As discussed in detail by Elliott and Wedgwdbdhe

largest effects of the energy gaps occur when the superzone ~ 2
boundary touches or cuts through the Fermi surface. In this Q-7
case the resistivity is divided by a factor which is linear in _
the corresponding averaged energy gap: where Q is the length of the magnetic ordering vector in
units of 2z/c. The energy-gap ratio in Eq8) has been
o po" A substituted by the ratio between the corresponding ampli-
p T1-4, 5U_FUA_O' ®) tudes of the first harmonicc is a fitting parameter deter-

) ) ) mined to be 6. The calculated results, using this equation
Introducingl’,, as the effective value determined by the sumiggether with the resistivity fitting parameters given in Table
gaps, then itis normally considered to be constant fouthe  jn Fig. 5. In the fit at ambient pressure we have used the
I’eSiStiVity Component. In the free-electron model Only thetemperature dependence Q: measured by Habenschuss
c-axis resistivity is affected. In the case of the basal-planet al. (on heating? The experimental results at 6.5, 7.5,
resistivity, the conditioru- Q=0 ensures that the terms lin- 10.5, and 12 kbar are nearly identical, except for the alter-
ear inA vanish, however, the coupling of the electrons withations due to the systematic shifts in the transition tempera-
the lattice may in principle introduce such terms. tures and theminor) differences shown in Fig. 2, which

The resistivity of erbium in the different phases has beerappear below 10—20 K. This indicates tlamust behave in
calculated from the equations above. The mean-field value dhe same way in the four cases and similar to that measured
the susceptibility tensor in E45) was determined using the by Kawanoet al!® at 11.5 and 14 kbar. Thus, at 7.5 kb@r,

M 6 9
ml K=0, ( )

6,=T% 1+«




PRB 61 PRESSURE-DEPENDENT RESISTIVITY AND . .. 6795

0 —————1————————1—— — 77—

p(T) (uccm)
p(T) (n<2cm)

& 7.5 kbar (Exp.)
o 1 bar (Exp.)

101 _ “‘ == 7.5 Kbar (Theory) |
L — 1 bar (Theory)
0 " 1 ! 1 N | L 1 . 0 | 1 | 1 1 | | 1 |
0 20 40 60 80 100 0 20 40 60 80 100
Temperature (K) Temperature (K)

FIG. 5. Experimental and calculated temperature dependence of FIG- 6. Experimental and calculated temperature dependence of

the c-axis resistivity of Er at 1 bar and 7.5 kbar. the a-axis resistivity of Er at ambient pressure. The dashed line
shows the calculated result when the superzone effects are ne-
glected.

is assumed to be locked to the vakie* below about 45 K,

and to be the same as at ambient pressure above this tem- V. DISCUSSION AND CONCLUSION

perature. The variation ofy and Ty, with pressure shown in ) ) ) )

Fig. 3 is simulated in the calculations by scaling the ex- 1hep-T diagram for the magnetic phases in erbium has
change parametef(Q) and the anisotropy parameﬂag by been derived from measurements of the temperature depen-

~ ) _ dence of thec-axis resistivity at various values of hydrostatic
the factors (+0.005p) and (1+0.007p), respectively, hressure between 0 and 12 kbar. The variation of thel Ne

wherep is the pressure in units of kbar. temperature with pressure correspondsdta 7(Q)/dInV

The difference between the results at 1 bar and 7.5 kbar ie=1.7, a comparable value to that observed in other heavy
the intermediate phase, betwe®g and T, is explained rare earth$® The more rapid reduction of}, with pressure
almost exclusively by th@-dependent factor in Eq9). The  indicates that the numerical value of the crystal-field param-
comparison in Fig. 5 between experiments and theory is saeteng increases by 0.7% per kbar. The strong broadening of
isfactory except for two major discrepancies. The one clos¢he transition between the cycloid and the cone structure,
to T{, may be due to a slightly different temperature depenwhen applying a pressure, makes it difficult to locate the
dence OQ than the one assumed. The results of K{qhow transition preCisely. The isothermal behavior of the resistiv-
a more rapid variation of close toT} than used here. At ity at 4.5 K shown in Fig. 2 aII_ows us to place the trz_;msition_
7.5 kbarQ may continue to increase below 55 K until a more between 1 and 3 kbar, consistent with the theoretical esti-
abrupt reduction o sets in aff},. The experimental results mate that it should occur at 1.3 kbar at zero temperature.

of Kawanoet al. at 14 kbar show some indications of this The unique behavior of the ordering wave vector in Er,
. ' . hat i roughl nstan large val f the pr r
behavior®> The other discrepancy concerns the low that it staysiroughly constant at large value of the pressure

L R " but varies quickly with temperature at ambient pressure, has
temperature variation of the resistivity in .th? cone phase llowed us to identify the reason for the shortcomings of the
ambpnt pressuzre. The expenmenta! variation is quite wel lliott-Wedgwood theory when applied to Er. We conclude
described by & dependence and might be due to the low-y,5¢ the enhancement factor in the resistivity due to the su-

energy spin waves in this phase. The dotted line through thBerzone energy gaps depends@riThe assumption that the
experimental points in Fig. 5 shows the calculated result obration petweerd, andQ is linear, Eq.(9), has then made it
tained when adding the spin-wave contributions given by Eqpqqgie to explain most of the large differences between the
(©). Thf only obstacle is that this fit presupposks |egjstivity curves at 1 bar and 7.5 kbar. We may add that in
~0.22c”, a very small value of theeffective Fermi wave  he case of Tm, the remaining discrepancies in the fitting of
vector. Such a small value &t is, however, consistent With  he superzone effects in theaxis resistivity, which occur
the absence of the similar contribution to texis resistiv-  panveen 30 K andry where Q is changing® are nearly

ity, see Fig. 6. Accepting the small value ki, only K= o6yed ifl. is assumed to depend @with a term of the

= Q contribute to the sum in Eq6), and thusK-u=0 when  same size as in Eq9), but with the opposite sign. The

U is along thea axis. The calculated result for theeaxis ~ maximum enhancement factors of the resistivity in the two
resistivity at ambient pressure is compared with the experisystems are nearly the same,—(]fg)‘1:3.5 in Er(at p
mental one in Fig. 6. The dashed line shows the result ob=7.5 kbar at zero temperatgrand 3.7 in Tm.

tained when neglecting superzone effects, whereas the result The change of) as a function of temperature is predicted
shown by the full line includes a minor enhancement due tao be another consequence of the superzone energy’gaps.
the superzone energy gaps according to the fitting parametefdthough, in terms of this theory, it is difficult to understand
in Table II. As shown in the insert this enhancement is reawhy the temperature variation & is much smaller above 6
quired for the theory to account for the jump in the resistivity kbar than it is at ambient pressure. The lock-in energy of the
atTe. short-period43)-structure is relatively large, but this is valid
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in all cases. Nesting features at the Fermi surface may cete occur at the estimated value of 1.3 kbar, followed imme-
tainly be important in Er, and they may be strongly influ- diately by a linear change @ from 3 c* to 2 c* at 3 kbar.
enced by thec/a ratio as suggested by Andriandfor the Qs then considered to stay constant. The transition between
case of a helical ordering® Thec/a ratio changes by 0.5% the tilted and nontilted cycloidal phase assumed to occur at 9
at Tc without much change Q. BetweenTc and T\ the  kbar should be a second-order one. The precise location is
c/a ratio decreases 0.2%, from 1.569 to 1.56@jues which difficult to imitate by the model, instead we have estimated
are shifted down by approximately 0.2% at a hydrostaticthe size of the effect by clamping the cycloidal plane to the
pressure of 10 kbar. These numbers may be interpreted in thec plane above 9 kbar.

way that the modulation of theaxis moments in Er, but not The last point to discuss is the strong rise of thaxis

the helical component, leads to a sensitive change of thgsistivity in the cone phase at ambient pressure. This is not
superzone effects, and thus also@f when thec/a ratio  raproduced in the model calculations when using the mean-
become; larger than ‘."lbOUt 1:566' With refer('erjce'to theelq expression for the absorptive susceptibility, E5). The
c/a-scaling law of Andnanov this 5'9”6!'5 a transm.on in the variation is accounted for by the spin-wave susceptibility,
topology of the Fermi surface atcda ratio in the neighbor- Eq. (6), but this requires a very small effective Fermi wave

hood of 1.575. S vector,kg~ Q. The application of @-axis field of at least 2.7
If some of the superzone boundaries lie close to a tangeny quenches the-axis modulated phase, and as shown in Fig.
tial plane of the Fermi surface, the effects of the associate '

ener aps will change rapidly wi. The assumption of a - the rapid increase of the resistivity continues up to tem-
Iinea?}:jgpgndence dTg on g myade t;y Eq(9), is 51e sim peratures of the order of 40 K, far above the regime where
u /s -

lest f terizi lated behavi f the t the spin-wave expression is valid. Most spin waves and some
plest way of parameterizing a related benavior of the tWo,g y,q higher lying crystal-field levels are thermally excited
guantities, but the changes bf, with Q are expected to be

b ith rapid ch Bf wh at 40 K, making the mean-field susceptibility much more
more abrupt, with rapid changes EW Enever a superzone trustworthy than the spin-wave expression at this tempera-
boundary passes through the Fermi surface. This is one po

ibl | ion for th i K q flire. The mean-field model accounts accurately forathais
sible explanation for the extra anomalies markedTyand (o gictivity in the cone phase, hence this enhancement seems

Ty on the phase diagram in Fig. 3. The transitions betweel, pe regtricted to the-axis resistivity in the presence of a
the different commensurable structures may also prOd“C%rromagnetic component of thieaxis moments. The mean-
anomalies in the resistivity. Betweely; and Tc there are  fielg model describes the zero-field properties of Er in an
many transition$ causing the hysteresis in the temperatureacceptable way, but deficiencies appear at nonzero flelds.
dependence 0. The anomaly marked, has also been Tne two-ion interactions in Er are complex, and it is argued
observed by Watson and Ali in their resistivity study of Er'in j, Ref, 4 that additional two-ion axial anisotropy terms must
a b-axis field at ambient pressujr%Based on a comparison pe present. The two-ion anisotropy terms, which are most
with the neutron diffraction measuremefftshey propose |iely mediated by the conduction electrons, may contribute
that it is due to the lock-in transition to t{d4) phase. How-  gjrectly to the resistivity in the same way as the RKKY cou-
ever, neithefT,,, and probably noif,, in Fig. 3 correlates  pjing, and may be the terms that are responsible for the extra
with the values ofQ. This rules out the second explanation, enhancement of the-axis resistivity.
whereas the first one may still survive because of the depen- Complementary neutron-diffraction studies of the low-
dence of the Fermi surface on the volume. A change of thgemperature part of the phase diagram would be valuable.
volume may cause the position of the Fermi surface to moverhe jdentification of the tilted cycloidal phase is a challeng-
generating the same effect as the opposite chand@ af  ing problem, as this structure is difficult to detect in diffrac-
constant volume. This seems to be the only explanation lefion measurements unless a single domain is isolated, which
for the anomaly aff,. A dependence of, on the volume, py jtself is a nontrivial requirement in the case Er. The
or pressure, is consistent with the observation that th%resent analysis predicts that the lock-info 2 c* extends
anomaly only appears at pressures above a certain threshdger most of the cycloidal phase not only at 11.5 and 14 kbar
value of 4.5 kbar. _ _ _ but already at a pressure of 6.5 kbar. A direct verification of
The linear extrapolation made in oprT phase diagram  thjs behavior by diffraction measurements is desirable. First-
suggests a connection between the anomaly sekplztlow  principle band-structure calculations of the strong reduction
4.5 kbar and the reduction of the resistivity occurring at 4.50f the Fermi surface area due to the superzone energy gaps
K when the pressure is increased from 7.5 to 10.5 kbarfinduced by the modulated moments in Er or in Tm, and its
Model calculations indicate that Er, just aboVWe, ap-  dependence on the positions of the superzone boundaries, are
proaches closely the tilted cycloidal phase, where the normahgst desirable.
to the cycloidal plane makes a nonzero angle with the basal
plane!® and this phase has recently been isolated in the mag-
netic phase diagram of the Er-Ho alloy syst&hwe there- ACKNOWLEDGMENTS
fore propose that the anomaly B} is due to this transition.
This hypothesis needs further experimental investigation. We are grateful to the UK Engineering and Physical Sci-
However, it is able to explain the anomaly B without ences Research Council, the Danish Natural Science Re-
linking it to a certain value of), and, partly, the decrease of search Council, and the Austrian Science Foundaffi'F
the resistance between 7.5 and 10.5 kbar at 4.5 K. The soligroject 12899 for financial support. In addition one of us
line in Fig. 2 represents a somewhat speculative interpretdM.E.) wishes to acknowledge the Royal Society for a travel
tion of the isothermal behavior of theaxis resistivity. The grant, and The Austrian Academy of Sciences for acting as
transition between the cone and the tilted cycloid is assumelost.



PRB 61 PRESSURE-DEPENDENT RESISTIVITY AND . .. 6797

13. W. Cable, E. O. Wollan, W. C. Koehler, and M. K. Wilkinson, L. I. Vinokurova and E. I. Kondorskii, Zh. i&p. Teor. Fiz.46,

Phys. Rev140, A1896 (1964). 1149(1964 [Sov. Phys. JETRS, 777 (1964].
M. Habenschuss, C. Stassis, S. K. Sinha, H. W. Deckman, and 8T, Okamoto, H. Fujii, T. Ito, and E. Tatsumoto, J. Phys. Soc. Jpn.
H. Spedding, Phys. Rev. B0, 1020(1974). 25, 1729(1968.
3D. Gibbs, J. Bohr, J. D. Axe, D. E. Moncton, and K. L. D'’Amico, 19R. . Green, S. Legvold, and F. H. Spedding, Phys. R@2,
Phys. Rev. B34, 8182(1986. 827(1961).
“R. A. Cowley and J. Jensen, J. Phys.: Condens. M&jtd673 205 r Mackintosh, Phys. Rev. Let, 90 (1962.
, (1992. 214 Miwa, Prog. Theor. Phy28, 208 (1962.
J. Jensen and R. A. Cowley, Europhys. L&t 705(1993. 22R. J. Elliott and F. A. Wedgwood, Proc. Phys. Soc. Lon@dn
6H. Lin, M. F. Collins, T. M. Holden, and W. Wei, Phys. Rev. B 846 (1963
; 45, 12 873(1999). 23R. J. Elliott and F. A. Wedgwood, Proc. Phys. Soc. Lon@dn
D. F. McMorrow, D. A. Jehan, R. A. Cowley, R. S. Eccleston, 63 (1964
and G. J. Mcintyre, J. Phys.: Condens. Ma#eB599(1992. 24 '
8R. S. Eccleston and S. B. Palmer, J. Magn. Magn. Matéd- Iv(l.lsslalgrby, K. A. McEwen, and J. Jensen, Phys. Re6 88416

107, 1529(1992.

25 .
9S. W. Zochowski and K. A. McEwen, J. Magn. Magn. Mater. K. A. McEwen and P. Touborg, J. Phys. F: Met. Ph§s1903

140-144 1127 (1995. o 1973 _ _
105 A Jehan, D. F. McMorrow, J. A. Simpson, R. A. Cowley, P. N. Hessel Andersen, J. Jensen, H. Smith, O. Splittorff, and O.
P. Swaddling, and K. A. Clausen, Phys. Rev5® 3085(1994). Vogt, Phys. Rev. B21, 189(1979.
113, 3. Rhyne and S. Legvold, Phys. R&¥0, A2143(1965. 2’M. Atoji, Solid State Commun14, 1047 (1974.
128 Watson and N. Ali, J. Phys.: Condens. Mae1796(1996.  “Advances in High Pressure Researeftited by R. S. Bradley
133, Jensen and A. R. MackintosRare Earth Magnetism: Struc- (Academic, New York, 1969 Vol. 3.
tures and ExcitationgClarendon Press, Oxford, 1991 %A V. Andrianov, Pis'ma Zh. Esp. Teor. Fiz.55 639 (1992
143, Kawano, B. Lebech, and N. Achiwa, J. Phys.: Condens. Matter [JETP Lett.55, 666 (1992]; J. Magn. Magn. Mater140-144
5, 1535(1993. 767 (1995.
155, Kawano, S. Aa. Sensen, B. Lebech, and N. Achiwa, J. Magn. S0R. A. Cowley, J. A. Simpson, C. Bryn-Jacobsen, R. C. C. Ward,
Magn. Mater.140-144 763 (1995. M. R. Wells, and D. F. McMorrow, Phys. Rev. B7, 8394

163, E. Milton and T. A. Scott, Phys. Re%60, 387 (1967). (1998.



