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Pressure-dependent resistivity and magnetoresistivity of erbium
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A comprehensive resistance study of erbium subjected to a hydrostatic pressure is presented. From the
experimental results we derive ap-T 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 thea-axis resistivity is slightly affected by the superzones. In thec-axis case the
superzone effects do not simply scale with the magnetization, but also reflect the 20% change of the ordering
wave vector. This occurs betweenTN andTC 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 aboveTC at
ambient pressure and in the interval between 1.3 and 9 kbar at zero temperature.
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I. INTRODUCTION

The first detailed neutron-diffraction study of erbium w
reported by Cableet al.1 They found that betweenTN584 K
and 52 K the magnetic structure isc-axis modulated~CAM!
with the amplitude of the moments varying sinusoidally. T
ordering wave-vectorQ is close to2

7 c* . Below TN8 552 K
the moments in the basal plane are ordered, andQ gradually
decreases to become1

4 c* just aboveTC518 K. For tempera-
tures belowTC they observed a conical structure with th
moments parallel to thec axis being ferromagnetic and th
moments in the basal plane forming a helix. These ea
results were confirmed by Habenschusset al.,2 who observed
a gradual development of higher harmonics with decreas
temperatures indicating that the structure is squaring
Gibbset al. found a series of lock-in phases belowTN8 using
magnetic x-ray scattering.3 These commensurable structur
are regular arrangements of 3 or 4 hexagonal layers of
ments with an alternating positive or negative compon
along thec axis. The seven-layered~43!-structure observed
close toTN8 thus comprises 4 hexagonal planes of mome
with a positivec-component followed by 3 planes of mo
ments with a negativec-component. As the temperature
lowered, triplets are progressively replaced by quartets, u
the system just aboveTC consists of quartets only, which i
the ~44!-structure withq5 1

4 c* . Using a large single crysta
and a triple-axis spectrometer for isolating the purely ela
scattered neutrons, Cowley and Jensen were able to d
mine the intensities of most of the harmonics in the comm
surable structures of Er.4,5 The experimental results wer
compared with the diffraction intensities of the correspon
ing structures predicted by a mean-field model. This co
parison confirmed that the basic feature of the commen
rable structures is the one proposed by Gibbset al. The
neutron experiments also showed the presence of scatt
PRB 610163-1829/2000/61~10!/6790~8!/$15.00
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peaks along thec axis at6(2n11)Q1mc* for odd integer
values ofm. These indicate that the magnetic structures
pend on the two orientations of the hexagonal layers in
hcp lattice, implying that the structures are distorted by
teractions which have threefold symmetry around thec axis.
The resulting structures betweenTC andTN8 are ‘‘wobbling
cycloids,’’ in which there is a smallb-axis moment oscillat-
ing with a period different from that of the basic cycloid
structure lying in thea-c plane. Because of thisb-axis com-
ponent, the~43!-structure should rather be denoted the 2~43!-
structure, as it only repeats itself after each 14 layers.
‘‘trigonal’’ couplings in Er produce a nonplanar distortion o
the cycloidal structure and probably also cause the lock
effect at Q5 5

21 c* observed in the cone phase~the cone
angle in Er is so small, about 28°, that the hexagonal ani
ropy is unimportant!.

There has been considerable activity in the study of
bium with a focus on the magnetic phase diagrams. Nota
amongst these are the neutron-diffraction studies of Er i
c-axis field by Linet al.6 and by McMorrowet al.7 The gen-
eral features of the two phase diagrams are quite sim
with some differences in the cycloidal phase. The magn
phase diagram has also been derived by Eccleston
Palmer8 from ultrasonic attenuation and by Zochowski a
McEwen9 from thermal expansion and magnetostricti
studies. Both results show correspondence with the diagr
determined from the neutron-diffraction studies. The ma
netic phase diagram for a field applied in the basal plane
been derived from neutron diffraction by Jehanet al.10 and
from resistivity measurements by Watson and Ali.12

The thermal-expansion measurements performed on E
Rhyne and Legvold11 revealed abrupt changes of thea-strain
parameters,e33 and e111e22, at TC . Utilizing this result,
Jensen and Mackintosh predicted that the magnetoelastic
6790 ©2000 The American Physical Society
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PRB 61 6791PRESSURE-DEPENDENT RESISTIVITY AND . . .
ergies would cause the cone structure to be unstable a
temperatures, when applying a hydrostatic pressure of m
than approximately 2.5 kbar.13 There have been two recen
reports of the influence of hydrostatic pressure on the m
netic structures of Er by Kawanoet al.14,15 They measured
the magnetic Bragg peaks at an applied pressure of 11.5
14 kbar. At 11.5 kbarTN is reduced to 82 K. The orderin
wave vector goes through a maximum at 50 K, and be
about 40 K it stays constant at the value2

7 c* . From their
analysis they concluded that the structure is cycloidal be
TN8 .46 K down to the lowest temperature studied~4.5 K!.
There have been several early studies of bulk and trans
properties for Er under hydrostatic pressure.16–18 However,
to date, there exists no detailed exposition of thep-T phase
diagram for erbium.

In this paper we present the results of resistivity measu
ments made on a single crystal of erbium. The measurem
were made on a longitudinalc-axis sample under hydrostat
pressure. From these measurements we derive ap-T phase
diagram. In accordance with previous experiments at am
ent pressure,19 the c-axis resistivity shows a rapid increas
belowTN . This is ascribed to the development of gaps in
electronic bands at the superzone boundaries introduce
the magnetic periodicity.20 The theory was developed b
Miwa for the particular case of Er,21 and a more genera
account was later presented by Elliott and Wedgwood.22,23

Here, the magnetoresistance of Er is analyzed using the s
theoretical approach applied recently in the case
thulium.24 The variational result for the resistivity is com
bined with the Elliott-Wedgwood theory for the superzo
effects, and the magnetic response function is determ
from the RPA model4,5 derived for Er from previous
neutron-scattering experiments.

II. EXPERIMENTAL DETAILS

A large single crystal of erbium was grown using t
strain-anneal method described in Ref. 25 and was cut f
the same ingot as the crystal used in Ref. 9. The dimens
of the c-axis resistivity sample wereAr55.531023 cm2

~cross-sectional area! and l 50.45 cm ~separation between
voltage probes!.

The pressure-dependent resistance measurements
made, in Vienna, with the current parallel to thec axis using
a 4-terminal dc method. The voltage was measured wit
Keithley-181 nanovoltmeter and a constant current of 30
was provided by a Knick constant current power-supply. T
cryostat was a Cryophysics variable temperature insert~VTI !
with a temperature range between 1.5 and 300 K. The t
perature was controlled and measured using calibrated
manium and platinum resistance thermometers in conju
tion with a Lakeshore DRC-91C Controller. The hydrosta
pressure was applied using a clamp cell with a teflon caps
The pressure transmitting medium was a mixture of
ethanol-methanol. The pressure was determined using
manometers. The purpose of the two manometers wa
ensure that the pressure remained stable across the e
temperature range. All the measurements were made by h
ing the sample at constant pressure.

The magnetoresistance measurements reported here
performed in London also using a 4-terminal dc method. T
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voltage was measured with a Keithley-181 nanovoltme
and a constant current of 30 mA was provided by a Keithl
220 constant current power-supply. The cryostat was an
ford variable-temperature insert~VTI ! with a temperature
range between 1.6 and 300 K. This cryostat was mounte
a vertical-field magnet which could achieve fields of up to
T. The temperature was controlled and measured usin
calibrated carbon-glass thermometer in conjunction with
Lakeshore DRC-93C Controller. Two geometries were st
ied in the magnetoresistance. The first series of meas
ments were made with the current and field parallel to thc
axis ~longitudinal!, and the second set of measurements w
made with the current parallel to thec axis and the field
parallel to thea axis ~transverse!. Both sets of measuremen
were made while cooling the sample in constant field.

III. EXPERIMENTAL RESULTS
AND p-T PHASE DIAGRAM

Figure 1 shows measurements of the temperature de
dence of thec-axis resistivity at a series of constant hydr
static pressures. The figures have been annotated with ar
to indicate the various observed transitions or anomalies.
measurement at 1 bar is consistent with ear
measurements.19 The resistivity increases belowTN585 K
until the temperature derivative changes its sign atTN8 552
K. In the cycloidal phase below this temperature there is

FIG. 1. The isobaric temperature dependence of thec-axis re-
sistivity, with the temperatures of the various transitions a
anomalies indicated by arrows.
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6792 PRB 61ELLERBY, McEWEN, BAUER, HAUSER, AND JENSEN
anomaly atTa527.5 K and the resistivity finally decrease
rapidly atTC520.2 K. The application of a hydrostatic pre
sure ofp50.5 kbar introduces slight shifts in the positions
the anomalies. However, there is a significant change in
transition atTC , which becomes much broader with the mi
point shifted toTC517.3 K. At higher values of the pressur
p>1.5 kbar, the transition between the cycloid and the c
structures is no longer discernible from the data. Howeve
1.5 kbar there is still an anomaly in the temperature deri
tive located at 11 K. Atp54.5 kbar the anomaly atTa is too
weak to be identified. Instead a new one has appeared aTb ,
which becomes more pronounced at 7.5 kbar, and is
visible in the derivative of the resistivity at 12 kbar.

The ferromagnetic cone structure is difficult to track
the temperature-dependent measurements and therefor
present an isothermal plot of the pressure dependence o
resistivity at T54.5 K in Fig. 2. Betweenp50.5 and 3.5
kbar there is a rapid increase in the resistivity. It stays ne
constant between 3.5 and 7.5 kbar and is then observe
decrease to a new constant level existing above 10.5 kba
discussed in more detail in the next section, the meas
ments show that the superzone effects in Er not only dep
on the size of the energy gaps but also on their position
reciprocal space. Therefore, one possible explanation of
isothermal behavior shown in Fig. 2 is that the transiti
from the cone to the cycloidal phase occurs in the inter
from 0.5 to 1.5 kbar, which, in the next interval between 2
and 3.5 kbar, is followed by a large change of the order
wave vectorQ from about1

4 c* to about2
7 c* . It is clear from

the isobaric behavior that the application of the hydrosta
pressure broadens the first-order transition between the
loidal structure and the cone. Thec/a-ratio changes by abou
0.5% at the transition which may give rise to an inhomog
neous distribution of domains whenp is close to the critical
pressure. The present experiments indicate that the trans
from the cone to the cycloidal structure at 4.5 K is acco
plished fully, at least at the pressure of 3.5 kbar, and thus
the critical pressure has a value lying between 1 and 3 k
A more precise description of the transition will require
direct determination of the structures by diffraction measu
ments.

Figures 1 and 2 show a selection of the data gathere
the pressure experiments. The total number of results h
been used to construct thep-T phase diagram for erbium

FIG. 2. The isothermal pressure dependence of thec-axis resis-
tivity in Er at 4.5 K. The theoretical result shown by the solid lin
is discussed in Sec. V.
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which is presented in Fig. 3. With the exception ofTN all the
transition temperatures in the diagram show hysteresis.
results shown here were obtained on heating, and the ano
lies belowTN are shifted down by 2–4 K on cooling. Th
phase diagram may be compared with previous results
tained by Milton and Scott,16 who measured the ac
inductance of polycrystalline Er as a function of temperat
at various pressures ranging from 0 to 7 kbar. As shown
Table I our results for the pressure dependence ofTN andTN8
are in reasonable agreement with those of Ref. 16. In
measurements of Milton and Scott the anomaly observe
TC is weak and disappears with pressure above 3 kbar. T
result fordTC /dp is a factor of 7 smaller than ours, but bo
results depend on the way the measurements are interp
and are subjected to large uncertainties. Milton and S
also reported a transition centered atT.27 K. This observa-
tion appears to agree with the anomaly marked byTa in the
present study. However, the influence of pressure differs
the two cases, as the position of the peak observed by Mi
and Scott was nearly unchanged when the pressure was
ied.

As discussed in Ref. 13 the low-temperature cone str
ture is destabilized by a hydrostatic pressure due to two
magnetoelastic interactions. DefiningDeaa5eaa(cone)
2eaa(cycloid) then the thermal-expansion measureme
indicate that De3353.131023 and D(e111e22)522.4
31023 at TC ~at ambient pressure!.11 These values were
used in the comparison of the elastic energy difference w
the magnetic free-energy difference between the two st
tures calculated from the mean-field model of Er.13 In the

FIG. 3. p-T phase diagram for erbium. The solid lines are line
fits to the data with the fit parameters listed in Table I. The das
line shows the theoretical estimate ofTC .

TABLE I. Parameters deduced from linear fit to data inp-T
phase diagram, compared with the results~Ref. 16! of Milton and
Scott shown in the last column.

Temperature~K! dT/dp ~K/kbar! dT/dp ~K/kbar! ~Ref. 16!

TN 85.860.1 20.3160.02 20.2660.2
TN8 51.060.3 21.0960.05 21.360.2
Tb 4261 22.5460.13
Ta 28.360.4 22.6660.11
TC 20.560.3 26.0 20.8



a
ca
e

fo
on

ffe
ze

r
e

n

on

a

ta
vit
t

as

a

e
y
d
the

ng
u-

ra-
the

een

ef-
he
ons

en
ne-
-

r

y
ty
e
y

nt
non

ep-
e,

PRB 61 6793PRESSURE-DEPENDENT RESISTIVITY AND . . .
zero-temperature limit the magnetic energy difference w
estimated to be 0.033 meV/ion corresponding to a criti
hydrostatic pressure of 2.5 kbar. The present mean-fi
model of Er leads to the higher value of 0.051 meV/ion
this energy difference. On the other hand the neutr
diffraction experiments of Habenschusset al. show changes
of the lattice parameters at the transition,2 which areDe33
53.931023 andD(e111e22)522.031023. Using their re-
sults and the average value for the calculated energy di
ence between the two structures, the critical pressure at
temperature is derived to be 1.360.3 kbar ~the absolute
lower limit is about 0.9 kbar and the upper one 3.8 kba!.
The calculated phase-line corresponding to this estimat
included as a dashed line in Fig. 3.

In Fig. 4 we present the results of a magnetoresista
study for Er with the current parallel to thec axis. The left
side of the figure shows the longitudinal resistivity and
the right we present the transverse resistivity withB parallel
to thea axis. The longitudinal magnetoresistivity shows th
at B51.0 T the Ne´el transition is atTN584.3 K and is
followed by a transition atTN8 554 K. Below this tempera-
ture the resistivity decreases almost linearly until atTC537
K there is a sharp decrease in the resistivity. For a cons
field B52.7 T the temperature dependence of the resisti
has changed dramatically. There is a small increase aT
565 K and the position of this feature was found to decre
in temperature as the field was increased. ForB56.0 T this
transition is more pronounced and occurs atT543 K. We
attribute this anomaly to the transition between the param

FIG. 4. Magnetoresistance along thec axis of Er in a field ap-
plied parallel to thec axis ~left! and parallel to thea axis ~right!.
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netic and the conical phase.6,7 Thec-axis field suppresses th
modulated ordering of thec-axis moments, so that the onl
possible structures left forB>2.7 T are the paramagnet an
the cone. The superzone effects are relatively small in
cone phase. In contrast, a field applied along thea axis has
little effect on the modulated ordering of the moments alo
the c axis. Thus in this configuration, the effects of the s
perzones are large, even at a field of 6 T, until thec-axis
moments become ferromagnetically aligned at low tempe
tures. The structures produced at intermediate values of
a-axis field are complicated fan structures which have b
studied by Jehanet al.10

IV. THEORETICAL ANALYSIS
OF THE RESISTANCE MEASUREMENTS

The experimental results show a number of dramatic
fects of the magnetic ordering of Er on the resistivity. T
most important coupling between the conduction electr
and the magnetic moments of the 4f electrons is the
Ruderman-Kittel-Kasuya-Yosida~RKKY !-exchange interac-
tion. The effects of this coupling on the resistivity have be
discussed in detail in a previous paper analyzing the mag
toresistance of thulium.24 Assuming a free-electron-like be
havior of the conduction electrons and neglecting theq de-
pendence of the RKKY coupling, theuu-component of the
magnetic resistivity, defined by the unit vectorû, may be
written13,24,26

rmag
uu 5

rspd

J~J11!
E

2`

`

d~\v!
\v/kBT

4 sinh2~\v/2kBT!

3(
a

1

p
^xaa9 ~q,v!&q , ~1!

where the weightedq average of the susceptibility tenso
components is given by

^xaa9 ~q,v!&q5
12

~2kF!4E0

2kF
qdqE dVq

4p
~q•û!2xaa9 ~q,v!

~2!

@the factor 3 in Eq.~4.4! of Ref. 24 should be replaced b
12#. In the high-temperature limit the magnetic resistivi
saturates atrspd which is proportional to the square of th
matrix element of the RKKY coupling. The total resistivit
is the sum of three contributions,

r0
uu5r res

uu1rphon
uu 1rmag

uu . ~3!

The impurity contributionr res
uu is assumed to be independe

of temperature and applied field or pressure. The pho
contribution is determined by the Bloch-Gru¨neisen formula

rphon
uu 5rQ

uuS T

Q D 5E
0

Q/T z5

sinh2~z/2!
dz, ~4!

with the Debye temperatureQ5192 K for Er.
In the case of thulium, the absorptive part of the susc

tibility tensor is quite well described by its mean-field valu
averaged over the different sites,24
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^xaa9 ~q,v!&q.
1

N (
i

xaa9 ~ i ,v!uMF . ~5!

We expect the same to be true in erbium, with the excep
that the low-energy spin waves may be important in the c
phase in the low temperature limit. Close to a magne
Bragg peak atQ the dispersion of the spin waves13 is linear,
«'Auq2Qu, and to leading order inkBT we find

^xaa9 ~q,v!&q
sw.

rspdLsin2uc~pkBT!2

~J11!A3~2kF!4 (
K5t6Q

uKu,2kF ~K•û!2

uKu
,

~6!

wheret is a reciprocal-lattice vector.L sin2uc.5 meV is an
axial anisotropy parameter andA.12 meV Å .

The effective number of electrons carrying the curre
depends on the magnetic ordering via the RKKY interacti
The most significant changes occur when the 4f moments
are oscillating. The RKKY coupling then leads to ener
gaps at the superzone boundaries at (t6nQ)/2, whereQ is
the magnetic ordering wave vector. The leading-order te
corresponds ton51, but the squaring up of the ordered m
ments and the higher-order coupling processes introduce
ues ofn different from 1. The energy gaps are proportional
the harmonics of the oscillating moments and may be e
mated to be of the order 0.1–0.2 eV in Er at maximu
Considering only the first harmonic of the moments, then
the free electron model, the four electronic modes at6Q/2
are split by two gaps given by

D65uADy
21Dz

26Dxu, ~7!

whereDa is a RKKY-coupling constant times the first ha
monic of thea component of the ordered moments. It
assumed that both thex andy components, and thex andz
components, are 90° out of phase. In the CAM-phase o
Dz is nonzero and the average gapD5(D11D2)/25Dz . In
the cycloidal phase bothDx andDz are nonzero, and are, i
general, different from each other corresponding to an el
soidal polarization. In the case of ErDz.Dx and the average
gap is againD5Dz . In the cone phaseDz50 andDx5Dy in
which caseD5Dx .

As discussed in detail by Elliott and Wedgwood22 the
largest effects of the energy gaps occur when the super
boundary touches or cuts through the Fermi surface. In
case the resistivity is divided by a factor which is linear
the corresponding averaged energy gap:

ruu5
r0

uu

12du
, du5Gu

D

D0
. ~8!

IntroducingGu as the effective value determined by the su
of all the contributions which are linear in the superzo
gaps, then it is normally considered to be constant for theuth
resistivity component. In the free-electron model only t
c-axis resistivity is affected. In the case of the basal-pla
resistivity, the conditionû•Q50 ensures that the terms lin
ear inD vanish, however, the coupling of the electrons w
the lattice may in principle introduce such terms.

The resistivity of erbium in the different phases has be
calculated from the equations above. The mean-field valu
the susceptibility tensor in Eq.~5! was determined using th
n
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model established by Cowley and Jensen,4 which includes
the trigonal coupling. In spite of the better description of t
magnetic properties of Er offered by the present model,
the use of the more accurate variational result for the re
tivity, the calculated result for thecc-component at ambien
pressure does not differ much from that obtained by Miwa21

This means that the discrepancies between the calculated
the experimental results are rather large in the intermed
phase betweenTN8 andTC , and, for instance, the jump pre
dicted atTC is about twice the observed one. The result
Er obtained by Elliott and Wedgwood22 compares even
worse with the experimental resistivity. They assumed t
the basal-plane components are ordered in a helixDx

5Dy) betweenTN8 andTC . This was also the structure con
sidered by Cableet al.,1 but as discussed by Cowley an
Jensen, this structure may only occur under certain spe
ized conditions, and it is not compatible with the results
their diffraction experiments.4

The theory does not account satisfactorily for the te
perature dependence of the resistivity in the cycloidal ph
of Er at 1 bar. However, the comparison is much improv
when considering the present results obtained at hydros
pressures exceeding 4.5 kbar. The only significant differe
between the cycloidal structures at low and high values
the pressure is the way the ordering wave vector depend
temperature. The neutron diffraction experiments show t
Q stays constant at27 c* below TN8 at 11.5 and 14 kbar,15 in
contrast to the rapid variation, by about 20%, shown byQ at
ambient pressure. Hence, the only explanation for the d
ciency of the theory at low pressure is thatGu in Eq. ~8! does
not stay constant but depends onQ. The dependence is as
sumed linear inQ and Eq.~8! is replaced by

du5Gu
0F11kS Q̃2

2

7D G M1

M1
0 , k56, ~9!

where Q̃ is the length of the magnetic ordering vector
units of 2p/c. The energy-gap ratio in Eq.~8! has been
substituted by the ratio between the corresponding am
tudes of the first harmonic.k is a fitting parameter deter
mined to be 6. The calculated results, using this equa
together with the resistivity fitting parameters given in Tab
II, are compared with the experiments at 1 bar and 7.5 k
in Fig. 5. In the fit at ambient pressure we have used
temperature dependence ofQ measured by Habenschus
et al. ~on heating!.2 The experimental results at 6.5, 7.
10.5, and 12 kbar are nearly identical, except for the al
ations due to the systematic shifts in the transition tempe
tures and the~minor! differences shown in Fig. 2, which
appear below 10–20 K. This indicates thatQ must behave in
the same way in the four cases and similar to that meas
by Kawanoet al.15 at 11.5 and 14 kbar. Thus, at 7.5 kbar,Q

TABLE II. Resistivity parameters in units ofmV cm, andGu
0

defined in Eq.~9! assumingM1
0 to be the calculated maximum

value of 10.9mB .

Component r res rQ rspd Gu
0

cc 5.86 21.5 18.0 0.71
aa 8.4 50.0 32.4 0.14
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PRB 61 6795PRESSURE-DEPENDENT RESISTIVITY AND . . .
is assumed to be locked to the value2
7 c* below about 45 K,

and to be the same as at ambient pressure above this
perature. The variation ofTN andTN8 with pressure shown in
Fig. 3 is simulated in the calculations by scaling the e
change parameterJ(Q) and the anisotropy parameterB2

0 by

the factors (120.005p̃) and (110.007p̃), respectively,

wherep̃ is the pressure in units of kbar.
The difference between the results at 1 bar and 7.5 kba

the intermediate phase, betweenTC and TN8 , is explained
almost exclusively by theQ-dependent factor in Eq.~9!. The
comparison in Fig. 5 between experiments and theory is
isfactory except for two major discrepancies. The one cl
to TN8 may be due to a slightly different temperature dep
dence ofQ than the one assumed. The results of Atoji27 show
a more rapid variation ofQ close toTN8 than used here. A
7.5 kbarQ may continue to increase below 55 K until a mo
abrupt reduction ofQ sets in atTN8 . The experimental result
of Kawanoet al. at 14 kbar show some indications of th
behavior.15 The other discrepancy concerns the lo
temperature variation of the resistivity in the cone phase
ambient pressure. The experimental variation is quite w
described by aT2 dependence and might be due to the lo
energy spin waves in this phase. The dotted line through
experimental points in Fig. 5 shows the calculated result
tained when adding the spin-wave contributions given by
~6!. The only obstacle is that this fit presupposeskF
'0.22c* , a very small value of the~effective! Fermi wave
vector. Such a small value ofkF is, however, consistent with
the absence of the similar contribution to thea-axis resistiv-
ity, see Fig. 6. Accepting the small value ofkF , only K5

6Q contribute to the sum in Eq.~6!, and thusK•û50 when
û is along thea axis. The calculated result for thea-axis
resistivity at ambient pressure is compared with the exp
mental one in Fig. 6. The dashed line shows the result
tained when neglecting superzone effects, whereas the r
shown by the full line includes a minor enhancement due
the superzone energy gaps according to the fitting param
in Table II. As shown in the insert this enhancement is
quired for the theory to account for the jump in the resistiv
at TC .

FIG. 5. Experimental and calculated temperature dependenc
the c-axis resistivity of Er at 1 bar and 7.5 kbar.
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V. DISCUSSION AND CONCLUSION

The p-T diagram for the magnetic phases in erbium h
been derived from measurements of the temperature de
dence of thec-axis resistivity at various values of hydrostat
pressure between 0 and 12 kbar. The variation of the N´el
temperature with pressure corresponds to] ln J(Q)/] ln V
.1.7, a comparable value to that observed in other he
rare earths.28 The more rapid reduction ofTN8 with pressure
indicates that the numerical value of the crystal-field para
eterB2

0 increases by 0.7% per kbar. The strong broadening
the transition between the cycloid and the cone structu
when applying a pressure, makes it difficult to locate t
transition precisely. The isothermal behavior of the resis
ity at 4.5 K shown in Fig. 2 allows us to place the transiti
between 1 and 3 kbar, consistent with the theoretical e
mate that it should occur at 1.3 kbar at zero temperature

The unique behavior of the ordering wave vector in E
that it stays~roughly! constant at large value of the pressu
but varies quickly with temperature at ambient pressure,
allowed us to identify the reason for the shortcomings of
Elliott-Wedgwood theory when applied to Er. We conclu
that the enhancement factor in the resistivity due to the
perzone energy gaps depends onQ. The assumption that the
relation betweenGu andQ is linear, Eq.~9!, has then made it
possible to explain most of the large differences between
resistivity curves at 1 bar and 7.5 kbar. We may add tha
the case of Tm, the remaining discrepancies in the fitting
the superzone effects in thec-axis resistivity, which occur
between 30 K andTN where Q is changing,24 are nearly
removed ifGc is assumed to depend onQ with a term of the
same size as in Eq.~9!, but with the opposite sign. The
maximum enhancement factors of the resistivity in the t
systems are nearly the same, (12Gc

0)21.3.5 in Er ~at p
57.5 kbar at zero temperature! and 3.7 in Tm.

The change ofQ as a function of temperature is predicte
to be another consequence of the superzone energy gap23,2

Although, in terms of this theory, it is difficult to understan
why the temperature variation ofQ is much smaller above 6
kbar than it is at ambient pressure. The lock-in energy of
short-period~43!-structure is relatively large, but this is vali

of FIG. 6. Experimental and calculated temperature dependenc
the a-axis resistivity of Er at ambient pressure. The dashed l
shows the calculated result when the superzone effects are
glected.
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in all cases. Nesting features at the Fermi surface may
tainly be important in Er, and they may be strongly infl
enced by thec/a ratio as suggested by Andrianov~for the
case of a helical ordering!.29 The c/a ratio changes by 0.5%
at TC without much change inQ. BetweenTC and TN8 the
c/a ratio decreases 0.2%, from 1.569 to 1.566,2 values which
are shifted down by approximately 0.2% at a hydrosta
pressure of 10 kbar. These numbers may be interpreted in
way that the modulation of thec-axis moments in Er, but no
the helical component, leads to a sensitive change of
superzone effects, and thus also ofQ, when thec/a ratio
becomes larger than about 1.566. With reference to
c/a-scaling law of Andrianov this signals a transition in th
topology of the Fermi surface at ac/a ratio in the neighbor-
hood of 1.575.

If some of the superzone boundaries lie close to a tang
tial plane of the Fermi surface, the effects of the associa
energy gaps will change rapidly withQ. The assumption of a
linear dependence ofGu on Q made by Eq.~9!, is the sim-
plest way of parameterizing a related behavior of the t
quantities, but the changes ofGu with Q are expected to be
more abrupt, with rapid changes ofGu whenever a superzon
boundary passes through the Fermi surface. This is one
sible explanation for the extra anomalies marked byTa and
Tb on the phase diagram in Fig. 3. The transitions betw
the different commensurable structures may also prod
anomalies in the resistivity. BetweenTN8 and TC there are
many transitions4 causing the hysteresis in the temperatu
dependence ofQ. The anomaly markedTa has also been
observed by Watson and Ali in their resistivity study of Er
a b-axis field at ambient pressure.12 Based on a compariso
with the neutron diffraction measurements10 they propose
that it is due to the lock-in transition to the~44! phase. How-
ever, neitherTb , and probably norTa , in Fig. 3 correlates
with the values ofQ. This rules out the second explanatio
whereas the first one may still survive because of the dep
dence of the Fermi surface on the volume. A change of
volume may cause the position of the Fermi surface to mo
generating the same effect as the opposite change ofQ at
constant volume. This seems to be the only explanation
for the anomaly atTb . A dependence ofTb on the volume,
or pressure, is consistent with the observation that
anomaly only appears at pressures above a certain thres
value of 4.5 kbar.

The linear extrapolation made in ourp-T phase diagram
suggests a connection between the anomaly seen atTa below
4.5 kbar and the reduction of the resistivity occurring at
K when the pressure is increased from 7.5 to 10.5 kb
Model calculations indicate that Er, just aboveTC , ap-
proaches closely the tilted cycloidal phase, where the nor
to the cycloidal plane makes a nonzero angle with the b
plane,13 and this phase has recently been isolated in the m
netic phase diagram of the Er-Ho alloy system.30 We there-
fore propose that the anomaly atTa is due to this transition.
This hypothesis needs further experimental investigat
However, it is able to explain the anomaly atTa without
linking it to a certain value ofQ, and, partly, the decrease o
the resistance between 7.5 and 10.5 kbar at 4.5 K. The s
line in Fig. 2 represents a somewhat speculative interpr
tion of the isothermal behavior of thec-axis resistivity. The
transition between the cone and the tilted cycloid is assum
r-
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to occur at the estimated value of 1.3 kbar, followed imm
diately by a linear change ofQ from 1

4 c* to 2
7 c* at 3 kbar.

Q is then considered to stay constant. The transition betw
the tilted and nontilted cycloidal phase assumed to occur
kbar should be a second-order one. The precise locatio
difficult to imitate by the model, instead we have estimat
the size of the effect by clamping the cycloidal plane to t
a-c plane above 9 kbar.

The last point to discuss is the strong rise of thec-axis
resistivity in the cone phase at ambient pressure. This is
reproduced in the model calculations when using the me
field expression for the absorptive susceptibility, Eq.~5!. The
variation is accounted for by the spin-wave susceptibili
Eq. ~6!, but this requires a very small effective Fermi wa
vector,kF'Q. The application of ac-axis field of at least 2.7
T quenches thec-axis modulated phase, and as shown in F
4, the rapid increase of the resistivity continues up to te
peratures of the order of 40 K, far above the regime wh
the spin-wave expression is valid. Most spin waves and so
of the higher lying crystal-field levels are thermally excite
at 40 K, making the mean-field susceptibility much mo
trustworthy than the spin-wave expression at this tempe
ture. The mean-field model accounts accurately for thea-axis
resistivity in the cone phase, hence this enhancement se
to be restricted to thec-axis resistivity in the presence of
ferromagnetic component of thec-axis moments. The mean
field model describes the zero-field properties of Er in
acceptable way, but deficiencies appear at nonzero fie4

The two-ion interactions in Er are complex, and it is argu
in Ref. 4 that additional two-ion axial anisotropy terms mu
be present. The two-ion anisotropy terms, which are m
likely mediated by the conduction electrons, may contrib
directly to the resistivity in the same way as the RKKY co
pling, and may be the terms that are responsible for the e
enhancement of thec-axis resistivity.

Complementary neutron-diffraction studies of the lo
temperature part of the phase diagram would be valua
The identification of the tilted cycloidal phase is a challen
ing problem, as this structure is difficult to detect in diffra
tion measurements unless a single domain is isolated, w
by itself is a nontrivial requirement in the case Er. T
present analysis predicts that the lock-in ofQ to 2

7 c* extends
over most of the cycloidal phase not only at 11.5 and 14 k
but already at a pressure of 6.5 kbar. A direct verification
this behavior by diffraction measurements is desirable. Fi
principle band-structure calculations of the strong reduct
of the Fermi surface area due to the superzone energy
induced by the modulated moments in Er or in Tm, and
dependence on the positions of the superzone boundaries
most desirable.
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