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Ordered magnetic and quadrupolar states under hydrostatic pressure in orthorhombic PrCy
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We report magnetic susceptibility and electrical resistivity measurements under hydrostatic pressure up to 2
GPa on single-crystalline PrGu which exhibits the pressure-induced Van Vleck paramagnet-to-
antiferromagnet transition at 1.2 GPa. The measured anisotropy in the susceptibility shows that the dérdered 4
moments lie in theac plane in the pressure-induced magnetic state. We propose that remarkable pressure
effects on the susceptibility and resistivity are due to changes in the quadrupolar sﬁﬁtaml/orog under
pressure. We present a simple analysis in terms of the singlet-singlet model.
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[. INTRODUCTION nearly pressure independent but exhibiting a weak maximum
atP=1.2 GP&

Using a high-pressure technique, the volume and the cor- This magnetic behavior is a reminder of the pressure-
responding properties of solids may be tuned, thereby indudnduced antiferromagnetism appearingPat3.0 GPa(Ref.
ing transformations from one solid state to another, as in thé) in the cubic material PrSbh, which is simply characterized
case of nonmagnetic-to-magnetic phase transitions and cryby “induced-moment magnetism(IMM). For the singlet
tallographic phase transitions. In rare-earth compounds, thground state, no magnetic order develops when the inter-
compression of the crystal modifies the electronic statatomic exchange interactidf remains below a certain criti-
through single-ion crystal-field and magnetoelastic interaceal thresholdK.. For K>K_, the so-called induced-moment
tions and/or interatomic interactions, such as quadrupolaransition occurs at finite temperature. However, when strong
coupling and the Ruderman-Kittel-Kasuya-Yosh{&KKY) hyperfine interactions between nuclear and electronic mo-
interaction mediated by conduction band electrbrithe  ments exist, even foK <K, both moments can undergo a
orthorhombic PrCu(CeCy type of crystal structupemay be  magnetic ordering at lower temperatdrin PrCu, at ambi-
considered to be an exemplary compound in this respecent pressure, actually, hyperfine coupled electron-nuclear
PrCuy has a singlet ground state and undergoes a cooperativeagnetism(HCENM) appears at very low temperatur@s.,
Jahn-TellerJT) transition atT;;=7.6 K. The crystal field of below 54 mK.:" Kawarazakiet al® resolved the magnetic
local symmetryC,, splits the full*H, multiplet of PF* into

nine singlets. In fact, the magnetic susceptibility approaches B tog ] H
a constant value at low temperature. As is mentioned below, R a |

a huge anisotropic magnetostrictfamccompanies the meta- 14 _‘-:2 | ] & Tres
magnetic transition, which occurs for the magnetic field ap- b B |
plied parallel to theac plane3“ Consequently, considerable N ]

pressure effects on the magnetic state are expected in,PrCu 1of ok 0'5 1'0 1'5 = Tenomay ()

In view of this, the effects of pressure on the magnetic sus- - C TpePa T A 4--7D0
ceptibility, specific heat, electric resistivity, and lattice con- f 8§ - 0—O0— OO D—0 o]
stants were investigated recerithd pseudouniaxial com- Tyt u .

pression with compressibilities, = «.< «, is observed, but or z A Tmallpoa)
no signal of a structural transition is noted up to 4 GPa. Al c \Tmax(xa) _
However, atP>1.2 GPa, the susceptibility shows a remark- ¢

able maximum af=T,,,. At low temperature, an upturn in 2| Tn=84mK PrCu,
the specific heat developed with pressure, which can be at- (Andres etal-(72)) ™™ Par(p) H=0
tributed to the emergence of a spontaneous magnetic field. 0 é*"'""f'"'“'“f""’ I | =
The estimated spontaneous fields are comparable to those in 0.0 0.5 1.0 1.5 2.0 25

other magnetically orderedf4electron system3Around a P (GPa)

pressure oP=1.2 GPa, the resistivity at low temperaturesis g5 1 Pressure-temperature phase diagram of PaCH=0.

enhanced. These findings suggest that pressure-induced Mag qotted line representi (P) calculated on the basis of the
netism appears aP>1.2 GPa. In Fig. 1, we show the gjnglet-singlet modeM ay(xa), TmadpOWded, andPy{(p) were ob-
pressure-temperaturd®-T) phase diagram of PrGuThe  (ained previously in Ref. 5. The solid circle and squar®a0 were

magnetic transition temperatufer T, increases steeply indicated in Refs. 7 and 4, respectively. Dashed and solid lines are
near 1.2 GPa and monotonously at higher pressureP At guides for the eye. The inset shows the calculated enhancement

>1.7 GPa,T,,,x becomes larger thaii;g, the latter being factor as a function of pressure.
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structure by neutron scattering. The electronic and nucledion, it is possible to measure the anisotropy in the magneti-
spins on the Pr ion are sinusoidally modulated in magnitudeation, since it is difficult for the easy axis of magnetization
with a modulation vectoQ,,=(0.24,0,0.68 and point al- to rotate towards the direction of the magnetic field when the
most along thea axis. Consequently, it has been speculatednagnetization along the hard axis is measured.
that, in PrCy, the phase transition &=1.2 GPa is of the The single-crystalline sample was put into a Teflon cell
HCENM-to-IMM.5? with Fluorinert as pressure-transmitting media. It was then
In the past decade, it has become clear that quadrupol@ressurized in a piston-cylinder-type clamp made from a
interactions play an important role in the magnetism inCuBe alloy. To obtainy(T) in various magnetic fields and
PrCu, especially, since the metamagnetic transition for magT,,,, and T, we took data aH=4, 10, and 20 kOe. The
netic fields in theac plane is accompanied by very large resistivity was measured using a standard ac four-probe
magnetostriction:* In addition to the crystal field interac- method using a Linear Research resistance briggedel
tion, the quadrupole-quadrupole couplings ©§y=J§—J§ LR-700. In this case, a hybrid clamp cell made from NiCrAl
and 03=(2J2-J2-39)/\3, whereJ,, J,, andJ, are angular ~and CuBe alloys, which can generate pressures over 2 GPa,
moments, are essential for the reproduction of the featuresyas used. The sample was mounted on a specially designed
such as, the cooperative JT and metamagnetic transitionplug and put inside a Teflon cell with the pressure-
respectively The former is characterized as a ferroquadru-transmitting medium Flourineft. The absorption pump-
polar ordering ofO,,. On the other hand, the rotation of the operated®He cryogenic system is described elsewHére.
quadrupolar moment b3 under a magnetic field is respon-
sible for the latter. Unexpectedly, in PrCat T=65 K, mag-
netic ordering was observed by a comprehensive muon-spin- IIl. RESULTS AND DISCUSSION
rotation/relaxation (uSR) study?!© Spontaneous  internal A. Magnetic susceptibility
magnetic fields appear below 65 K. It is speculated that the i .
magnetic structure is similar to that of the low-temperature N Figs. 2a-2(c), we show the susceptibility under pres-
HCENM phase aff <54 mK. The estimated ordered elec- SUre for magnetic fields along tiee b, andc axes. Note that
tronic moment of 0.285 is smaller than that of 0.54; the qpplleq magnetic field is well below_ th_e metamagnetic
quoted by Kawarazaket al. It is suggested that a nonmag- transition fieldH,> 60 kOe3 The sugceptlb|llty aI(_)ng the
netic interaction related to a collective stateQyf, is respon- axis xa(T) shows a pronounced maximum Bt [Fig. 2a)]
sible for the magnetic ordering at< 65 K. for pressuresP>1.2 GPa. In contrasty,(T) shows no
The magnetic state in the pressure-induced phase at anomaly atTy,, over the entire pressure range; however, a
>1.2 GPa is not understood yet. In this work, we report akink is observed afT;. For x.(T), the pressure-induced
high-pressure study of the magnetic susceptibilities along thanomaly afl ;4 is less pronounced. The observed anisotropy
different crystal axes in order to characterize the magnetié" the susceptibility suggests that the orderéardments lie
structure at high pressure. Additionally, the electrical resisin the ac plane, approximately parallel to tfeeaxis. This is
tivity p(T) is investigated down to 0.4 K in order to confirm consistent with the observation that, at ambient pressure, the
the pressure-temperatut®-T) phase diagram and deter- ordered nuclear and electronic moments are oriented ap-
mine the effect of the pressure on the crystalline electric fieldProximately parallel to the axis and sinusoidally modulated
splitting of the low-lying crystal field states. We found that, I" magnitude belowfy =54 mK? _
even in the paramagnetic region, the anomaly of heP The JT-transition temperature as a function of pressure
curve around®.=1.2 GPa survives. This anomaly preceding Ta(P) can be obtained from the kink point of,(T) [see

the transition to the magnetic state is possibly related to théset of Fig. 2b)]. Ty depends weakly on pressure and ex-
quadrupolar state at high pressure. hibits a weak maximum at 1.2 GR&ig. 1). The pressure

coefficients of Ty, (1/T;p)dT;1/dP, below and above 1.2
GPa, are 0.072+0.01 and -0.043+0.01 GPaespectively.
On the other handT, . appears at 1.2 GPa and increases
Single-crystalline samples were made by a Czochralskiapidly with pressure. It is important to note thit is quite
pulling method in an induction furnace under a helium gagnsensitive to pressure compared wItQ.,. This supports the
atmospheré. The magnetization was measured at high presspeculation that the quadrupolar state@yf, is influenced
sure up toP=1.8 GPa using the Faraday method in the tem-slightly by the magnetic transition &> 1.2 GPa.
perature range of 2—80 K. Measurements were done in a Figures 3a)-3(c) show the pressure dependence of the
superconducting magnet system, which consists of a maigusceptibilities along tha, b, andc axes, respectively, above
solenoid coil producing a main field ,;, and a set of gra- and belowT,;r measured in a field dfi=4 kOe. x,(P) and
dient coils located at the top and bottom sides of the main.(P) exhibit pronounced maxima arour®=1 GPa in the
coil producing a field gradientiH,/dz along the vertical axis lower temperature range, whijg(P) decreases linearly with
(the z axig) at the sample position. While supplying a current pressure over the entire pressure range. This contrasting be-
to the magnet coils, the force that is proportional tohavior between the pressure dependencies inathelane
x(dH,/dz)H can be detected by the force balance. In contrasand theb axis seems to be in line with that observed in the
to the resistive magnet system, in which the magnetizdtfion dynamic phenomena of the quadrupolar moments that lie in
is perpendicular to the forde,, the superconducting magnet the ac plane, as reported in Refs. 2—4. The linear thermal
system producebl andM parallel toF,. In this configura- expansion coefficients, and o, show anomalously sharp

Il. EXPERIMENTAL METHODS
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FIG. 2. Magnetic susceptibility of PrGwas a function of pres- FIG. 3. (a)(c) Pressure dependence of the magnetic suscepti-

sure for applied magnetic fields parallel to thga), b (b), andc bility of PrCu, measured in a field dfi=4 kOe directed along the
axes(c). The inset of(b) shows the Jahn-Teller-transition point as a a, b, andc axes, respectively, at various temperatures as indicated.
function of pressure, determined by the kinkxg(T). Solid and dashed lines are guides for the eye.
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FIG. 4. Pressure variation qi(T) at low temperatures for a
current parallel to the axis. The inset shows the upturn pT)  t0 the low-lying excitations in the crystal field states of
nearP=P,. Solid and dashed curves represent the calculated valud3rCu.
based on Eqg2) and (1), respectively. See text for details. In order to obtain information about the crystal field split-
ting in PrCy from the p(T) data, we fitted the data below 4

peaks aff 7, while a, exhibits a weaker anomalyThe meta- K t0 the following simple equation:

magnetic behavior with the anomalously large magnetostric- ) exp(— Ai/kgT)
tion occurs for the magnetic fields applied parallel to #doe p(T)=pg+ AT + > P . (1)
plane? It was confirmed that the eag) and the hardc) i 2 exp(— Ai/kgT)

axis directions of th_e_magnetization interchange through thﬁere, the fitting parameters are the residual resistpgtythe
metamagnetic transitiot! Based on a theoretical model in- coefficient of theT? term A, a component of the thermally

cluding quadrupole—quadrgpole interactions, it is derived thaExcited state in the resistivily, and the corresponding crys-
the.cooperatlve .‘]T transition result; from a qugdrupolar Ofal field splitting A;. The third term yields the contributions
dermg ofO,y, while the metamagnetic transition is due to_thefrom thermally excited singlet states. We assume thas
rotation of the quadrupolar moment 6% under a magnetic  j,yependent of the temperature. Based on the crystal field
field Namely, thg quadrupolgr state @; is strongly |gy6] scheme for the four lowest levels, as shown in Fit. 6,
coupled to magnetic moments in the plane but not con- e hayey,  p,<p, at the lowest pressure. This result makes
§|derably_to that in thé axis; on the contrary, the_ JT transi- plausibly that the singlet-singlet model with the ground and
tion considerably affects the magnetic moment inlth@xis 0 yhirq excited states describes the low-temperature resis-
but not that in theac plane, as shown in Fig(B). Itis likely, iy Otherwise, the first and second excited states respond
therefore, that the quadrupolar momentsQjf and O,y be- mainly to the JT transition, as noted previously.
have independently of each other under magnetic field. This Figures 7a) and 7b) show the fitting parameters as a
situation is preserved also at high pressure. Notably, thg,qtion of pressure obtained on the basis of the singlet-
maxima inx,(P) andx.(P) at aroundP=1 GPa are observed  gjngjet model. As previously indicatédp, and A are en-
not only below but also well abovEnaandT,r, as shownin - panced anomalously &, and increase with pressure above
Figs. 3a) and Jc). P., while both p;(P) and A(P) seem to have a weak mini-
mum at P.. Remarkably, the extrapolated value of

B. Electric resistivity and the singlet-singlet model ~14 K atP=0 corresponds well with the energy splitting

In Figure 4, we showp(T) at various pressures. At low 15K
temperaturep increases with pressure. Aroui=1 GPa, a T 12K
minimum in p(T) is observed(see inset of Fig. # When B ——— ‘
plotted versusT? (Fig. 5), the low-temperature data clearly e—— 3K
show thatp(T) deviates from thel? dependence with in- 0K
creasing temperature. In a previous paper, we claimed that T, T<<T)

the resistivity obeys the characteristics of the Fermi liquid

p(T)=po+AT? down to 2 K® This new result indicates that  FIG. 6. The low-lying crystal field states in Pr€atT> Ty and
there is a thermally excited component in the resistivity duer <T;; according to Ref. 12.
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15 I l l N Mq(T) is the staggered moment and is approximately ex-
o ©," oo pressed asn(T)=[1—-(T/Ty)?]*2 In the inset of Fig. 4, the
o it calculatedp in the vicinity of P, is shown together with the
o NI experimental data. The structure with a minimunypif) is
p* - }5' "o . . 08 reproduced. AP>1.9 GPa, the hump ip(T) is observed,
g L 7 - ® 2 which can be reproduced by E@), whereas the(T) data is
m;‘ [ e g not shown here. The truncation factgris obtained to be
= ’ e’ 07 = 0.02-0.03, which is considerably smaller than the values 0.5—
< ok ! — 0.6 obtained for the spin density way8DW) transition in
,‘ Cr and related compound$This suggests that the low-lying
6---® —106 crystal field states of thefdelectrons are weakly hybridized
5k I | | ! ! with the conduction electrons. The anomalous points associ-
151K | | | | o0 ated with the pressure-induced transitiom(iT), Tanomaly are
B shown as a function of pressure in Figs. 1 aif@.9
14—\\\\ /,.’/ .—18
¢~ ® .- C. Analysis based on the singlet-singlet model
13 -— O Q.7 di @
%3 ’YY = In this section, we investigate to what extent the singlet-
BRI AN g singlet model can reproduce the pressure-temperature phase
Q. e diagram of PrCy shown in Fig. 1. Before we calculate the
M RS o ©° . ,_,2 -0 magnetic transition temperature as a function of pressure, we
N7 112 recall a simple model for a Van Vleck paramagnet with a
10 o} o singlet ground state and the first excited singlet state located
L I L I L 110 at an energy\, the so-called singlet-singlet model. The in-
00 05 10 15 20 25 teraction between the electronic and nuclear magnetic mo-
P {GPa) ments is ignored. In this model, the magnetic phase diagram

- is determined as a function of a characteristic facipr
FIG. 7. Fitting parameterga) A and po, (b) A andpy as @ _ g2/ \ where K, and « are the interatomic electronic
function of pressure. Dashed lines are guides for the eye. The data . . . .
o o : . ; -~ “exchange interaction and the off-diagonal matrix element of
point (triangle at P=0 is obtained from inelastic neutron scattering . . .
. J, between the two singlets0|J,|1>, respectively. It is de-
experimentgRef. 1. ; ;
rived that the magnetic order and a spontaneous moment
between the ground and the third excited states obtaine@ppear abruptly at the critical poing|=1 in an accessible
from inelastic neutron scattering experimett&awarazaki  temperature range? It was shown in Ref. 5 that, in PrGu
et al!'® measured the anisotropy and the dispersion of théhe characteristic parameterreaches the critical valuley|
singlet-singlet crystal-field exciton down to 1.8 K'in PiCu =1 atP=1.2 GPa. However, this previous estimate depended
The excitons with, polarization and those with, polariza-  strongly on the initial value of(0). Since the valuey(0) in
tion have quite different dispersions. The strong disperdive prcCy, is controversial;*: we assume the conditidm,=1 at
transition shows a substantial softening of the excitation enp=1 2 Gpa in the following. In the singlet-singlet model, the
ergy atQp=0.24a"+0.6&". This |s_conS|stent_W|th the ob- susceptibility afT <A/kg is expressed as
servation that the ordered magnetic moment is parallel to the
a axis® As mentioned above, it is plausible that the magnetic
structure atP=0 is preserved in the pressure-induced phase. x(0)=— ,
Additionally, anisotropic RKKY interactions between thé 4 Al-7g
electronsK, . have been reporteld. The low-lying crystal- _ _
field splitting is not sensitive to the application of hydrostaticwherec is pressure independent. Consequently, the pressure
pressure in PrGu as shown in Fig. (b). Therefore, we sug- coefficient of y consists of the following two terms:
gest that the anisotropic pressure dependence of the suscep-
tibilities x,pc for the most part, result from the anisotropy in 1 dx(0) dinx(0) dinA din(1-7)
the exchange interactiong, ;, .. 0 dP ~ dP  dP  dP (4)
Around P, p(T) obviously exhibits a hump at low tem-
perature, as shown in the inset of Fig. 4. Such an increase ighe first term accounts for the crystal-field splitting and the
also observed at an antiferromagnetic transition due to theecond term is due to the enhancement factor.1lh the
opening of an energy gap at the Fermi surftfde. this case, present casey is negative(antiferromagnetic To compare

~c 1

3

the resistivity,p’(T), can be written as the first and the second terms in E@), A(P) obtained
p(T) above from thep(P,T) data and)(;l(P) are shown in a
p'(T) = T-gm®’ (2)  logarithmic-linear plot(Fig. 8). Note that, in the figure, the

gradients ofA and X;l with respect to pressure correspond
where p(T) is the resistivity of the normal state amdis a  with the respective pressure coefficients. The signs of
truncation factorm(T) is defined asMo(T)/Mq(0), where  dInA/dP and dIny,/dP change abruptly at?.. From
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Eq. (4) and the values of dIlA/dP=0.10+0.03 and € 5 P Poax -
dIny,/dP=-1.05£0.07 GP4, it is derived that 4 <0,><0 ¢ .
dIn(1-7%)/dP=0.95+0.07 GPd, which is much larger B T
than d InA/dP at P=P,. Using the values ofl In ya/dP T <0, >=0 7
just aboveT ., andd In A/dP, we numerically estimated the —_ Y
transition temperaturér‘rﬁ‘;g(P). The results are shown in <10 -
Fig. 1, which reveals that the calculataff,(P) increases = EP_O_O—OTO-O_—Q-O_OE
more rapidly with pressure than the experimental value. - 5 7\- -
On the contrary, belowP, the pressure coefficient of i <0,><0 JT ]
dIn (1-7)/dP=0.15+0.03 GPd derived from the experi- § ; i
mental values dIn A/dP=-0.08+0.03 and dIn y,/dP I <Oxy> >0 ! (b) ]
=0.23+0.03 GPd, is comparable withd In A/dP. Conse- ,
quently, the pressure coefficient of not omlybut also the 1 | | ! I l H
antiferromagnetic exchange coupliig changes abruptly at 00 05 10 15 20 25
P.. Using the pressure coefficients of the enhancement factor P (GPa)

1-7 above and below 1.2 GPa and the initial value of

7(0)=-0.8 used in Ref. 5, we also calculated the pressure FIG. 9. Proposed magneti@ and quadrupolatb) phase dia-
dependence of 17, shown in the inset of Fig. 1. Below 1.2 grams of PrCu at H=0. The solid, dotted, and dashed lines are
GPa, the enhancement factor is nearly constant, but it inguides for the eye. The circle and squarePat0 indicate the tran-
creases rapidly above 1.2 GPa. The magnitude of the antifesition temperatures obtained in Refs. 10 and 7, respectively. The
romagnetic exchange coupling along the a d&jsncreases ~states o0, and O3 at P=0 are derived in Ref. 4.

anomalously with pressure at the induced-moment transition.

As mentioned above, the quadrupolar state@%ﬁndoxy
are strongly coupled with magnetic moments in #oglane
) ) and theb axis, respectively, and behave quite independently

Figures 9a) and 9b) show the magnetic and the quadru- of each other. This fact is reflected into the anisotropic mag-
polar transitions in the®-T phase plane, respectively. In netic behaviors indicated under pressure. The pressure-
these figures, the pOintS at Wh|m(P) eXhibitS a maXimUm induced magnetism iS not S|mp|y Characterized as an
are connected by the dotted line, which is denoteBias. In induced-moment transition. Actually, the anomalous changes
the magnetic phase diagraifig. Aa)], the P, —T curve  of A and 1-5 accompanying the pressure-induced magnetic
seems to make a special point @, To)~(1.2 GPa,5 K transition around®=1.2 GPa have been indicated. At ambi-
with the T, P curve. At lower pressure, it is likely that ent pressure, despite the paramagnetic state, ftrrofnent
TmadP) extends to the pointTy=54 mK atP=0. This is  exhibits metamagnetism due to the collective response of the
supported by the fact that the magnetic structure at highetbrderedog moment with respect to the external magnetic
pressure is similar to that a@=0, as mentioned above. field. In the same way, if we assume that the magnetic
Tmax{P) increases rapidly along with thg,,,—P curve, de- anomaly atP,., is due to a collective response of the or-
viates from it, and moderately increases with pres$kig. deredog moment under external pressure, it is plausibly ex-
9(a)]. Figure 9b) showsT;(P) at H=0 with the quadrupolar plained thaty, (P) exhibits the anomalous maximum and,
states of<O§> and (O,,) derived by comprehensive experi- on the contraryy,(P) has no anomaly in the paramagnetic

mental and theoretical studies at ambient pres$ure. region.

D. Magnetic and quadrupolar phase diagrams
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Finally, it is noteworthy that the anisotropic compression V. SUMMARY

under hydrostatic pressure,= . <, corresponds effec- We have reported the susceptibility and transport data of
tively with the symmetry straing;,=(2e,,~ex—&yy)/v3 and  single-crystalline PrCuunder pressure. The observed aniso-
&, = &xx—8&yy, Which couple to the quadrupolar momemg tropy in the susceptibility indicates that, below the pressure-
and O2, respectively, via the magnetoelastic interaction for-induced magnetic transition, the ordered moments lie in the
mulated with terms such @3,¢,03, whereG, is the magne- ac plane. In the investigated temperature range, 2K
toelastic coupling constat. The uniaxial tendency of the <80 K, a magnetic anomaly &, is observed for magnetic
compression may stabilize or destabilize the component df€!ds directed in thac plane, while no anomaly results for

OS and/orO§ in the ordered quadrupolar state but affect themagnehc fields along thee axis. NearP, the resistivity data
O.. stat I Kiv. Similar to th f tHe-T ph show an anomaly as a function of temperature near 0.8 K and
xy State only weakly. simiiar 1o heé case of e-1 phase aboveT ;1. The singlet-singlet model can only in part account

diagram, the complexity of th®-T one results not only o the observed phase diagram. Our new results lead us to
from the IMM in the Van Vleck magnet but also from the gpeculate the pressure-induced anomaly of susceptibility at
COUplingS involved with the qU&drUpOIar moments, which arep —~1.2 GPa above the magnetic transition appears as a pre-
generally known as a hidden order parameter that has a cogursor of the pressure-induced magnetism. Further investiga-
siderable effect on the magnetic exchange interaction beion with respect to the magnetic and quadrupolar states
tween the neighboringf4moments and, hence, the magnetic should be done on a microscopic basis, e.g., neutron diffrac-

grand staté® tion anduSR measurements under high pressure.
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