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High-pressure magnetic susceptibility experiments on the heavy lanthanides
Gd, Th, Dy, Ho, Er, and Tm
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The high-pressure magnetic properties of the heavy lanthanide elements Gd, Tb, Dy, Ho, Er, and Tm have
been investigated using ac-magnetic susceptibility with a diamond anvil cell. It is found that the magnetic
transition temperatures monotonically decrease with increasing pressure. In addition, the amplitudes of the
magnetic transition signals decrease with increasing pressure, with the signals all eventually disappearing at
pressures of 20 GPa. In contrast to previous studies, we see no evidence of any pressure-induced transitions
from one magnetically ordered phase to another in Gd, Tb, Dy, or Ho. The transition tempeTajuere all
found to drop at a rate proportional to their de Gennes factor, and the valuigsg; 6fi((P=0) vs P/Pg;,
whereP,;; is the pressure at which the magnetic transition disappears, all sit on a single phase diagram.
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I. INTRODUCTION havior which included up to four peaks at high pressures,
whereas at other pressures only one or two peaks were ob-
The heavy lanthanide elements exhibit a wide variety ofserved. They cautioned, however, that the observed transi-
magnetic ordering at low temperatures due to an interplayions were sluggish and that it was difficult to unambigu-
between strong correlation effects and indirect exchange ebusly assign peaks to low-pressure versus high-pressure
fects involving theirf electronst? The very compact nature phases or to even be sure if the peaks represent equilibrium
of the lanthanide # shells gives rise to strong intra-atomic conditions. lwamotcet al,'? on the other hand, did not ob-
f electron correlations and to the effective Mott-localizationserve any signs of multiple susceptibility peaks in their high
of the 4f electrons, resulting in the formation of localized pressure gadolinium experiments, and they suggested that
magnetic moments at the ionic sites. Due to a Rudermarthe multiple peaks may have been due to uniaxial stress con-
Kittel-Kasuya-Yosida (RKKY) indirect-exchange mecha- ditions or large pressure gradients in the experiments by
nism, in which an effective interionié-spin-tof-spin inter- ~ McWhan and Stevens.
action is mediated by the surrounding Fermi sea of We report here on high pressure ac-magnetic susceptibil-
conduction electrons, magnetic ordering is exhibited in thety experiments performed on six heavy lanthanide elements:
heavy lanthanides Gd, Th, Dy, Ho, Er, and Tm at low tem-Gd, Tb, Dy, Ho, Er, and Tm. The purpose of these experi-
peratures. ments was to investigate the pressure dependencies of the
The RKKY interaction, which couples thé electron ferromagnetidFM) and antiferromagnetiGAFM) transitions
spins, is long ranged and oscillatory, and so the magnetiof these elements and to see whether they exhibit magnetic
moment at any ionic site is influenced by a large number ophase transitions of the type reported in previous studies.
aligning fields from surrounding ions. This results in the rich
variety of possible magnetically ordered phases exhibited by Il. EXPERIMENTAL TECHNIQUE
the lanthanides. The application of high pressures changes
the interatomic distances and can alter the net balance of the We performed ac-magnetic susceptibility experiments as a
aligning fields felt by the magnetic moments. High pressurdunction of both pressure and temperature using a nonmag-
can also produce changes in the density of states, which hagtic Be—Cu diamond anvil cellmodel SR-DAC-KY03-1
an effect on the band structure of the conduction electronfrom Kyowa Seisakushaand a closed cycle He refrigerator
Through high pressure magnetic susceptibility experimentd,Cryomech ST-1b The sample pressure was determined by
we can examine how these changes affect the magnetic ahe ruby fluorescence techniqgtfe® while the diamond an-
dering temperatures of the heavy lanthanides and explore thél cell (DAC) was cooledn situ. This allows us to correct
possibility of pressure-induced magnetic transitions. for any small pressure changes due to the thermal contraction
Magnetic susceptibility experiments on the heavy lan-of the DAC.
thanides under pressure have been previously performed by To detect changes in the magnetic susceptibility of the
several group$:'® McWhan and Stevefisstudied Gd, Tb, high-pressure sample, we subjected the sample to a small
Dy, and Ho and saw evidence of magnetic phase transitionac-magnetic fieldtypically 3 Oe @ 10 kHgzwhile monitor-
in these elements, detected by the appearance of peaks in timg the voltage induced in a tiny sensing coil located near the
ac-magnetic susceptibility at high pressures. Their results fosample. The ac-magnetic field was generated by a 40-turn
the magnetic susceptibility of Gd showed complicated beexcitation coil of 32 AWG(0.2019 mm diamet@manganin
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AEsaj; Tm was cut from a boule from Ames Laboratory,
which was also greater than 99.9% purity. The samples were
loaded into gaskets made from a high-strength, nonmagnetic
alloy (MP35N), along with a small chip of ruby=20 um)
for pressure measurement. The starting sample size was typi-
cally 75um in diameter and 8@m thick. No methanol-
ethanol pressure medium was used in these experiments be-
cause of concerns about sample reactivity. The samples were
all loaded using a glovebox filled with nitrogen or argon gas.
/@ The sample pressure was usually increased by 1-2 GPa
¥ steps, with the magnetic susceptibility signal recorded as a
function of temperature from 20 K to 296 K at each pressure
step.

FIG. 1. (Colon A designer diamond anvil with a ten-turn mag- IIl. RESULTS
netic sensing coil. The thin-film tungsten coil has an outer diameter
of 280 um, an inner diameter of 9am, and a linewidth of Gum. We performed magnetic susceptibility experiments on the
(@) A photograph of the entire diamond anvil, showing both theSiXx heavy lanthanide elements Gd-Tm. For each element in
sensing coil and an electrical connection pad on the side of thavhich we detected AFM orderinPy—Tm), the Néel tem-
anvil. (b) A magnified view of the culet showing the sensing coil in perature was taken as the peak in the signal voltage. Each
more detail(c) The culet after being encased in a layer of diamondelement will be individually discussed, with the cumulation
approximately 1Qum thick. of a magnetic phase diagram shown in Fig. 9, and Table |

lists the measured pressure dependencies for each transition.

wire wrapped around the base of one of the diamond anvils.
The rms current through the excitation coil was typically
about 90 mA. The sensing coil was a 10-turn, thin-film coil
of tungsten that was fabricated onto a diamond anvil culet At zero pressure gadolinium exhibits a FM transition
and then encapsulated in a thin film of diamdFdy. 1). This  when cooled below its Curie temperatufg=293 K. Some
allowed us to locate the sensing coil just a few tens of mi+tepresentative high-pressure magnetic susceptibility spectra
crons from the sample and obtain an excellent signal-toare shown in Fig. 2. The paramagnetic-to-ferromagnetic tran-
background ratio. The outer diameter of the sensing coil wasition temperature was defined by the initial rise in the volt-
280 um, and the inner diameter was @n. A full descrip- age, and it was clearly observable up to a pressure of
tion of our anvil fabrication process and magnetic suscepti5.6 GPa. However, when the sample was loaded from
bility technique has been previously described5.6 to 7.4 GPa the FM signal suddenly disappeared, only to
elsewheré’/~1° reappear when the pressure was again decreased below

The Gd, Th, Dy, Ho, and Er samples were all greater tharb.5 GPa. In addition, we measured the magnetic susceptibil-
99.9% purity and were in the form of 40-mesh flak@dfa ity of Gd using a methanol:ethanol:water mixturks:3:1),

A. Gadolinium

TABLE |. Measured pressure dependencies for Gd, Tb, Dy, Ho, Er, and Tm.

dTc/dP dTy/dP dTc/dP dTy/dP
Element (K/GPa,+5%% (K/GPa+x5%?2 (K/GPa others (K/GPa others
Gd -14.5 -12.%-10.6¢ -17.2
-16.38 -14.0f -12.29 -13.8'

Tb -11 -12.4,-12.4 -10.79 -10/ -10.8
-10.5/ -8.4

Dy -4.6 -6.7 -8,-12.4k-12.7 -6.69-4) -6.2
-5.0k -4.1f

Ho -4.8 -4.8 -4.&¢

Er -3.1 -& 2.6

m -1.0 No Refs. No Refs.

aThis work 9From Ref. 12

bFrom Ref. 3 PFrom Ref. 13

°From Ref. 4 iFrom Ref. 10

dFrom Ref. 6 IFrom Ref. 5

From Ref. 8 KFrom Ref. 9

fFrom Ref. 11
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FIG. 2. (Color onling Magnetic susceptibility signal voltage g, 4. (Color online Magnetic susceptibility signal voltage

versus temperature taken at various pressures for a gadoliniuffarsys temperature taken at various pressures for a dysprosium

sample. The arrows show the location of the FM transition. sample. The arrows pointing up show the location of the FM tran-

sition, and the downward arrows show the location of the AFM

which produced the same rate of decrease in the Curie tentransition.

perature versus pressure, while the recovered peak in the

signal voltage upon downloading was somewhat larger thathis case, because of the different type of FM alignment, the

it was when no pressure medium was used. The improveransition temperature was defined by the location of the

ments, however, were not large enough to justify the risk ohegative peak in the temperature derivative of the signal

a possible reaction with the pressure medium, so in the f0|v0|tage, in order to achieve a Zero-pressﬂ'@ consistent

lowing experiments, no pressure medium was used. with the literature value. The AFM transition was either ob-
At 240 K and ambient pressure, Gd is known to have ascured by the nearby FM transition, or its signal was too

ferromagnetic-to-ferromagnetic spin-reorientation transitionsmall for us to detect. At 8.3 GPa, no magnetic transition

This was not observable in our signals, presumably becausgas observable.

the difference in the ac susceptibilities of these two FM

phases was too small to detect with our system. In addition,

we did not observe any of the additional signal peaks re-

ported by McWhan and Stevens in their high-pressure sus- Dysprosium also undergoes both an ARMasal-plane
ceptibility experiments on G#l. spiral structurg and a FM transition at low temperatures,

with a Ty=176 K and ar.=87 K. Some high-pressure spec-
tra are shown in Fig. 4. The AFM transition was marked by
a small, sharp peak in the signal, and the FM transition was
Terbium undergoes an AFM transitighasal-plane spiral again determined by the location of the negative peak in
structurg at a Néel temperature dfy=230 K, and then a dy/dT. The FM transition was manifested by a relatively
FM transition atTc=220 K at zero pressure. Some represen-smooth and gentle rise in the signal at low temperatures, and
tative high-pressure spectra are shown in Fig. 3. We clearlyhe amplitude of the transition decreased with increasing
observed the FM transition up to a pressure of 6.3 GPa. Ipressure. Above 7.4 GPa, no magnetic transition was observ-
able. Also, as in the case of Gd, again we saw none of the
580 L additional peaks observed by McWhan and Stevens in their

! Dy susceptibility experiments.
560 A_ 0 GPa

C. Dysprosium

B. Terbium

™ .
= A—_ D. Holmium
3
g 510 1.0 GPa Holmium has both an AFMbasal-plane spiral structyre
& and a FM transition at low temperatures, witlTg=133 K
& 5201 ' 27 GPa and aT¢=20 K. The latter transition was unfortunately near
s /\__-\ the lower temperature limit of our cryostat, so we were not
> 4.9 GPa . .
500} 63 ap able to accurately track its pressure dependence. Some high-
= pressure spectra are shown in Fig. 5. No magnetic transition
agol— 1+ . 1 was observable above 10.9 GPa.
160 200 240 280
Temperature (K) E. Erbium

FIG. 3. (Color onling Magnetic susceptibility signal voltage ~ Erbium appeared to exhibit more interesting behavior
versus temperature taken at various pressures for a terbium samptBan the previous elements discussed above. At zero pressure
The arrows show the location of the FM transition. it has an AFM transition(c-axis sinusoidal at Ty=80 K,
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FIG. 5. (Color onling Magnetic susceptibility signal voltage FIG. 7. (Color onling Amplitudes of theTy and T peaks of
versus temperature taken at various pressures for a holmiurpium as a function of pressure. The amplitudes were obtained by
sample. The arrows show the location of the AFM transition. least-squares, fitting the erbium magnetic susceptibility data shown

in Fig. 6 to a double-Gaussian function.
followed by a FM transition af-=32 K. Under high pres-

sures, Ty monotonically decreased at a roughly constant rategeptibility was detected for £6.8 GPa, so it was not pos-
while Tc remained relatively constant at30 K for pres-  sible to track its pressure dependence. The Néel temperature
sures up to about 10 GREig. 6). In addition, the amplitude was found to remain relatively constant at about 57 K up to
of the peak at the Néel transition increased with increasingibout 4 GPa. It then decreased at a rate ddf,/dP=
pressure, eventually becoming as large as the peak at the1.0 K/GPa until about 12 GPa. The shape of this peak then
Curie temperature(see Fig. 7. Above approximately changed to a very broad voltage signal, which had a closer
13 GPa, the two peaks were indistinguishable, and we wergssemblence to the FM peak found in Dy than to the sharp
not able to determine if this signified a transition to a FM or AFM peak detected for Tm at lower pressures. In addition,

AFM phase. The magnetic transition signals then becamenis peak dropped off at a much faster rate of -8.4 K/GPa.
weaker, eventually disappearing at pressures above

18.5 GPa. IV. DISCUSSION
All of the above results are listed in Table I, in addition to
F. Thulium many previous results from other researchers for comparison.
Like erbium, thulium also first ordered withcaaxis sinu-  The systematic trend observed for the heavy lanthanide ele-
soidal AFM phaseTy=56 K) followed by a modulated FM ments Gd-Tm is for the magnetic ordering transitions to
phase affc=25 K. While we were clearly able to detect a monotonically decrease with increasing pressure and then to

sharp AFM transition, the FM transition was at the lowerdisappear at a pressure ranging from about 5.5 GPa for Gd,

magnetic susceptibility technique is estimated to be around

200 102 emu/cn? for a 75um diameter sample. Our observa-
N—*\
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FIG. 6. (Color online Magnetic susceptibility signal voltage
versus temperature taken at various pressures for an erbium sample. FIG. 8. (Color online@ Magnetic susceptibility signal voltage
The arrows pointing up show the location of the FM transition, andversus temperature taken at various pressures for a thulium sample.
the downward arrows show the location of the AFM transition.  The arrows show the location of the AFM transition.
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TABLE II. Values used fofT(P=0), P and (=dTg;/dP)/{(g 300
-1)2J(J+1)}, where T, is the FM Curie temperature for Gd and
Th, and the AFM Néel temperature for Dy—Tm. For Er and Tm, the 2501 Mg it
behavior of the voltage peak changes fornPa};, but a magnetic < . Eiﬁiiﬂi
phase persists up to the value given in parentheses. o 200} m Er (AFM)
5 ( O AFMorFM)
= ® Tm (AFM)
~d T, /dP) g ek ( o AFMorFM)
T N Q.
T(P=0) Perit (9-12(I+1) € 4
Element (g-1)2JJ+1)  (K) (GPa (KIGPa P2 1001
Gd 15.75 295 5.6 0.92
Tb 10.5 240 6.3 1.0
Dy 7.08 179 7.7 0.95 Pressure (GPa)
Ho 4.50 132 9.2 11 FIG. 9. (Color online Magnetic ordering transition tempera-
Er 2.55 79 9189 12 tures of Gd, Th, Dy, Ho, Er, and Tm as functions of pressure.
Tm 1.17 60 12(17) 0.88

than the onset of the room-temperature dhcp phagesPa
tions are therefore limited by this sensitivity, so that when we(Ref. 21)]. Further research to map out the structural phase
discuss the disappearance of a magnetic transition, we meaagrams of these elements at high pressures and low tem-
that no signal is observable with our technique. Since AFMperatures will be needed in order to shed more light on this
transitions can have signals much smaller than this, it is enissue.
tirely possible that some type of AFM ordering with a very ~ The erbium susceptibility data appear to be particularly
small signature persists in these elements to even highénmteresting. At low pressure, the magnitude ofTitgpeak is
pressures than reported here. Further work to improve theuch smaller than that of if6; peak, as expected. However,
sensitivity of the magnetic susceptibility technique will be with increasing pressure the magnitude of thg peak
needed in order to explore this possibility. greatly increases by about a factor of 6, eventually becoming
The disappearance of magnetic ordering cannot be relatesb large as th@: peak at a pressure of about 9 GRee
to the delocalization of thé electrons and the vanishing of Figs. 6 and ¥, and the two discernible peaks merge into one
the individual atomic magnetic moments, since the pressurest about 12 GPa. This behavior suggests that the nature of
reported here are well below the reported or expetteléc- the magnetic ordering at thg, transition may be changing,
tron delocalization pressures. For instance, the delocalizatiowith increasing pressure, from one having an AFM character
pressure of Gd has been reported to be about 60%65Pajto some sort of FM ordering with a nonzero net magnetiza-
whereas its magnetic transition signal vanishes above onlion and, hence, a much larger ac-susceptibility response.
5.6 GPa. This behavior is not seen in the AFM transitions of Dy, Ho,
All six of the heavy lanthanides studied here stabilize inor Tm, which have AFM peaks that remain small with in-
the hexagonal closed-packédcp structure at room tem- creasing pressur@igs. 4, 5, and B
perature and zero pressure. However, under pressure a num-Although, for Tm, the amplitude of the peak &} does
ber of structural phase transitions have been observedot increase with pressure, the pressure dependentg isf
mostly to other closed-packed structures such as the Snfieund to be more complex than that of the previous rare
type, the double-hexagonal closed-pacKeticp, and the earths. Initially the Néel temperature remains fairly constant
face-centered-cubidcc) structures at even higher pressures.up to about 4 GPa, followed by a linear decrease up to about
Unfortunately, the positions of these structural transitions afl2 GPa. At higher pressures, the behavior of the voltage at
low temperatures are presently unknown. However, if wethe magnetic transition changes from a sharp to a broad peak.
assume that the structural transition pressures at low tenmn addition, the ordering temperature drops at a much faster
peratures remain approximately the same as their roonrate, and the magnetic phase disappears below 20 K at about
temperature values, there appears to be a case for arguidg GPa(see Fig. 9.
that the disappearance of the magnetic transition signals at Both erbium and thulium exhibitc-axis sinusoidal” AFM
high pressures is related to the onset of the dhcp phase. Fordering, which means the magnetic moments are aligned
example, the room-temperature dhcp phase transition in Gplarallel to thec axis with moment amplitudes that are sinu-
is at 6 GP&° and we detect a magnetic phase up to 5.6 GPaoidally modulated as a function of tleeaxis position. On
(see Fig. 9. Tb, Dy, and Ho also have a transition to a dhcpthe other hand, the AFM order shown by dysprosium and
phase(6, 9, and 13 GPa, respectivély near where we no holmium is a “basal-plane spiral” structure, in which the
longer observe a magnetic pha@ee Table ). However, magnetic moment lies in the basal plane of the hexagonal
erbium and thulium do not fit in with this picture. A magnetic structure and rotates around thexis as a function of the
phase in Er persists to significantly higher pressdisap-  axis position. The difference between the ordering within the
pearing at 18.5 GBahan the room-temperature dhcp transi- FM phases of erbium and thulium is that the moments in
tion [13 GPa(Ref. 21)]. On the other hand, the magnetic erbium have a helical structure which rotates about ¢che
phase in Tm disappears at a much lower presglifeGPa  axis. The moments of thulium, on the other hand, are ori-
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= — mum pressures are all below tlieelectron delocalization
N T pressures, so that bothand the de Gennes factor are con-
. . B Hﬁﬁmﬁ stant for each element. One may then argue that to the first
v ’v Snye . . . T
S ol e I g S approximation|R; —R;| ~a, wherea is the characteristic in-
a o Aoty teratomic distance, ankl~ 1/a, so that their product has a
] 3 3 3. 3 3 3 v v
% sl e 0 T G * rather weak pressure dependence, and the Supi2kg|R;
e . ; : L
= g *f g, -Ri]) will be fairly pressure independent. The remainin
3 g v - L a i y p p g
L5 21 i e § term in Eq.(1) is the density of state\N(Eg). Considering
% WL Nem W the pressure effects on a simple tight-binding model as the
@ o —L L leLas ¥ pressure is increased, the atoms will move closer together,
S Gomnss= (o) S L . which will increase the bandwidth, thereby lowering the ef-
Y00 0z o4 o5 08 10 1z 14 fective electron mass. Because the density of states at the
P/Pe Fermi level is proportional to the effective electron mass,

increasing the pressure will result in reduciN¢Eg). Tokita
FIG. 10. (Color onling Magnetic ordering transition tempera- et all® have in fact suggested that, for Gd, the pressure de-

tures of Gd—Tm normalized to the ambient pressure transition as gendence of the Curie temperature comes from a lowering of
function of pressure normalized to the critical pressia@e Table the conduction band, which decreadé(&;).

II). Inset shows the ambient pressure magneticordering transition Therefore, the pressure dependence of @g.will be

temperature(left-hand side and pressure derivativéighthand  yominated by changes in the density of states. The inset to
sidg vs the de Gennes factor. Fig. 10 shows the pressure derivative of the high-temperature
magnetic phase, labele,;;/dP (right axig, plotted against
ented parallel to the axis, but are modulated so that four the de Gennes factor. The linear relationship shows that the
spins are aligned up, and the next three are down. Based @feavy rare-earth elements remain RKKY magnets under
the magnetic susceptibility behavior observed here, it appressure. In addition, as Table Il showsT,;/dP can be
pears that these CompIeX alignments for erbium and thunurﬁormaﬁzed by the de Gennes factor, and all of the heavy
become even more convoluted as the pressure is increaseghre-earth elements have a fairly constant value. This shows
The coupling of the localized f4electrons of the heavy that the density of states at the Fermi level, which is the
rare-earth elements is through the RKKY interaction. Thisgominant pressure-dependant factor of the RKKY interac-
indirect interaction can be expressed as a Heisenberg Hamifon, has similar pressure dependence for all the heavy rare-
tonian, H;;=-27;S;-S;, where J;; is the exchange constant, earth elements.
and§ is the localized spin at thith ion. Due to spin-orbit Furthermore, we find that by properly scaling all of our
effects, only the total angular momenturdsand not theS;,  transition temperatures and pressures, the data can be pre-
are constants of motion. The Wigner-Eckart theorem may beented in the form of the universal plot shown in Fig. 10. In
used to replace the spins [&=(g;-1)J;, whereg; is the  this plot, the highest transition temperatures have been nor-
Landé g factor. The transition temperature within the  malized to their ambient pressure values, and the pressures
Weiss molecular field theory are then expected at have been normalized t®.,;, at which we no longer see a
magnetic signal. We note that the pressuPgg are some-
kefp = 2m2A%{(0; - DI+ DIN(ER) > H(2ke|Ri—Rj)),  what subjective in the sense that they depend on the mea-
Ri#R; surement sensitivity of our apparatus and the magnetic order-
(1) ing which may persist to higher pressures. For Gd—Ho, any
magnetic ordering at higher pressures is undetectable with
in which there are conduction electrons per atomic VOIUme, our techniqUE, but for Er and Tm, we have used the pressure
Ao is the first-order coupling between the localized spins angyhere the magnetic ordering changes its character. For Er,
the conduction electrons|(E) is the density of states at the e have used the pressure where the Néel and Curie transi-
Fermi level ks is the Fermi wave numbeR; is the lattice  tion peaks have about the same amplitude. For Py,

site of the ith localized spin, and ¢(x)=[sin(x) =12 GPa, above which the magnetic ordering behaves in a
-xcogx)]/x* is an oscillatory function due to the wave- different manner. The correlations shown in Table Il and Fig.
number-dependent susceptibility. 10 also neglect crystal-field effects, so the agreement may be

At ambient pressure, E@l) leads to the well-known pre- only qualitative. Nonetheless, we empirically find that this
diction that the magnetic transition temperatures for the lanscaling results in a consistent, universal description of the
thanides should be roughly proportional to the term in brackpressure dependencies of the highest transition temperatures.
ets,(g;—1)2J(J+1), which is known as the de Gennes factor.  The data shown in Fig. 10 indicate a strong similarity in
The inset to Fig. 10, which plots the highest transition tem-the way that pressure affects the magnetic phases of the
perature(left axis) vs the de Gennes factor, shows that this isheavy rare-earth elements. Deviations from this universal
in fact the case. curve indicate changes in the magnetic ordering. Two ex-

Predicting the pressure dependencies of the transitioamples of this are Er and Tm, which have magnetic phases
temperatures is more difficult, but here again, Ef.pro-  aboveP/P.;>1. As was noted earlier, as the pressure is
vides some insights into the expected pressure behavioncreased through this high-pressure region, the appearance
First, note that for all of the elements studied here, the maxief the voltage signal at the magnetic ordering temperature
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takes on a new shape. It is not possible with our technique ttudes of the magnetic transition signals for Gd—Ho and Tm
determine if these high pressure phases continue to be AFMijminish as the pressure is increased, while Er is found to
or if they change to a FM ordering. There is also the possihave a complex pressure dependence for the amplitudes of
bility of changes in the crystalline structure which would both Ty andTc. If the transition temperatures are normalized
have a large affect on the magnetic ordering. Another possito their ambient pressure values, and the pressures are nor-
bility is that the density of states at the Fermi level trans-malized to the values at which the transitions disappear, then
forms. This behavior, though, could be a second-order effeall of the data line up on a single-phase diagram. Finally, for
driven by structural changes, for example. Further researchach element, the rate of change of its magnetic transition
will be needed to investigate these phases, for example, themperature with pressure scales very well with its de
field-dependent ac-magnetic susceptibility in which higher-Gennes factor. Both of these behaviors can be attributed to
order harmonics are measured, which would be nonzero in the pressure dependence of the density of states at the Fermi
FM phase due to nonlinear magnetization versus field deperevel.

dence as the FM material approaches magnetic saturation.
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