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55Mn NQR/NMR studies of the magnetic properties of YMn2 under pressure
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We report magnetic properties of the antiferromagnet YMn2 as functions of pressure and temperature~T!
obtained from the55Mn spin-lattice relaxation rate and the Knight shift. An energy-band narrowing due to
electron correlation is indicated by the Knight shift measurement and the application of pressure is found to
enhance the conduction electron bandwidth. In the pressure-induced paramagnetic state, the system undergoes
a crossover from an itinerant spin fluctuation~SF! regime at lowT to a local SF regime at highT. It is pointed
out that this magnetic crossover of SF resembles that of high-temperature superconductors.
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Spin fluctuations~SF’s! in metals close to a magnetic in
stability ~MI ! have been studied extensively over the p
two decades or so. In recent years, the subject of itine
electron magnetism in transition-metal compounds has
tracted new attention in connection with high-temperat
superconducting Cu oxides~high-Tc cuprates! and heavy-
fermion ~HF! systems. High-Tc superconductivity occurs in
the vicinity of magnetically ordered state and the antifer
magnetic~AF! spin fluctuation of Cu spins plays a centr
role in determining the anomalous properties in the norm
state.1 Such AF spin fluctuations may also play an importa
part in the occurrence of superconductivity.2,3 Nuclear mag-
netic resonance~NMR! measurements in the cuprates near
optimal doping show that the higherTc is accompanied by a
larger characteristic energy of AF spin fluctuation with
substantial magnetic correlation length.4 In the 4f or 5f HF
systems, superconductivity is also found when the AF
dered state is suppressed by pressure.5 These properties sug
gest that the interplay between spin fluctuations and su
conductivity may exist in wide classes of materials. It
therefore interesting to investigate the SF spectrum near
MI in materials besides the abovementioned ones.

YMn2 is one of the candidate systems for this study
crystallizes in the cubic C15 Laves phase structure where
Mn atoms form a sublattice of corner sharing tetrahe
while the Y atoms form the diamond sublattice. At ambie
pressure, there is a first-order AF transition atTN.100 K.6

The AF order is easily suppressed by applying hydrost
pressure or by chemical substitution at the Y sites~chemical
pressure!. Neutron scattering measurements on a
substituted powder sample have found a magnetic resp
around the AF wave vectorQ51.5 Å21.7 A recent neutron
experiment on a Y0.97Sc0.03Mn2 single crystal has revealed
wave-vector-dependent SF in the paramagnetic stateT
510 K.8 Also, YMn2 shows heavy-fermion-like behavio
Its electronic specific heat coefficient g is
140 mJ K22 mol21 in Sc-substituted material9 and under
pressure,10 which is larger by one order of magnitude tha
that of ordinaryd-electron systems including high-Tc cu-
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prates. The ratioA/g2, whereA is the coefficient of the qua
dratic contribution to the electric resistivity, is also close
that for heavy fermions.11

In this paper we report an investigation of the magne
properties of YMn2 using nuclear quadrupole resonan
~NQR! and NMR measurements under pressure up to
kbar. The main advantage of applying hydrostatic pressur
that it does not bring about crystal disorder or randomn
which may complicate the investigation. It is also benefic
in that it is possible to finely tune the SF spectrum by va
ing the applied pressure. The polycrystal sample was p
pared by an arc-melting method described elsewhere.12 A
clamped piston-cylinder device which was used in the pre
ous study of high-Tc materials13 was adopted to generat
pressure, which was calibrated by measuring the super
ducting transition temperature of tin. The pressure inhom
geneity determined from the broadening of NQR spectrum
Cu2O ~Ref. 14! and CeCu2Ge2 ~Ref. 15! is about
60.10 kbar. The rate 1/T1 was uniquely determined by fit
ting the nuclear magnetization recovery curve to t
equation16
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We first remark on the transition from the AF ordere
state to the paramagnetic state. At ambient pressure,
NMR spectrum has a well-resolved structure due to the q
drupolar interaction.TN is ;50 and;85 K in the cooling
and heating process, respectively. BelowTN , it abruptly
broadens and eventually disappears because of the int
magnetic field that develops. AtP>4.0 kbar, the well-
resolved NMR spectrum remained down to 4.2 K, the low
temperature at which the experiments were done. Moreo
the NQR signal was observed at 4.2 K, indicating that
system is in the pressure-induced paramagnetic state~PIPS!.
At P53.3 kbar, we found a coexistence of the AF order
state and the PIPS. The AF state was confirmed by the
den broadening of the NMR spectrum belowTN shown in
13 973 ©1999 The American Physical Society
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Fig. 1~a!. The PIPS was identified by the observation of t
NQR signal atT54.2 K @Fig. 1~b!# and above. As seen in
Fig. 1~c!, the NQR intensity was reduced belowP
54.0 kbar, suggesting that the AF state and the PIPS c
ist in a wide pressure range which cannot be ascribed to
pressure imhomogeneity. The volume fraction of the PIPS
P53.3 kbar is estimated to be 10% of the total from t
NQR intensity andTN of the remaining AF state atP
53.3 kbar does not change from that at ambient press
The lack of change inTN and the coexistence of the AF an
PIPS suggest strongly that the pressure-induced phase
sition is of the first order. This result also seems to expl
why the critical pressure reported from different experime
is so widely scattered from 2.7 to 3.7 kbar.12,17,18

The static properties are shown by theT dependence o
the 55Mn Knight shift K for P51 bar, 3.3 kbar, and 8.5
kbar in Fig. 2. In general,K5Ks1Korb5Aorbxorb

Mn1Asxs
Mn ,

whereKs is the spin part,Korb is the orbital part,xorb
Mn and

xs
Mn are the Mn orbital and spin susceptibility, respective

andAorb,s are the hyperfine coupling constants. The obser
susceptibility can be decomposed asxobs5xs

Mn1xorb
Mn

1xdia, wherexdia is the diamagnetic susceptibility due
closed shells of Y and Mn. We ignore other contributio
from yttrium which are much smaller compared to Mn19

From the good fit ofK vs x seen in the inset of Fig. 2, w
obtain As52194 kOe/mB , Korb51.23%, andxs

Mn5xobs

FIG. 1. ~a! 55Mn NMR spectra in YMn2 above and belowTN

with increasingT. ~b! An example of the55Mn NQR spectrum of
the 63/2↔65/2 transition at 4.2 K.~c! Relative NQR intensity
after T2 correction vs pressure.
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2xdia2xorb
Mn50.8031023 emu/(mol YMn2) at T5110 K

at ambient pressure. Here we have usedxobs of Ref. 7,Aorb
5390 kOe/mB ~Ref. 20! and xdia520.125
31023 emu/mol.21 The obtainedAs and Korb are compa-
rable to those for liquid manganese.22 By the relation of
N(EF)5xs

Mn/2mB
2 , the density of states~DOS! at the Fermi

level N(EF) was calculated as 12.4 states/~eV YMn2 spin!.
This value is larger by a factor of 5 than that of the ba
calculation,19 which indicates band narrowing by electro
correlations. The largeN(EF) accounts partially for the large
g of this system. As seen in Fig. 2, upon increasing
pressure the Knight shift is increased, which indicates a
crease ofxs

Mn because the hyperfine coupling constant
negative. This shows that thepressure increases the ban
width. Since the lattice expands upon heating,7 the T depen-
dence ofK above T5130 K can also be attributed to
change in bandwidth.

We next turn to the character of SF in the PIPS. Figur
shows that 1/T1 increases with increasingT, but then be-
comes almost independent ofT at high T. Let us compare
this characteristic SF with that found in the neutron scat
ing experiment for Y0.97Sc0.03Mn2 at T510 K. Ballouet al.8

found that the SF in this alloy is highly anisotropic becau
of frustration associated with the tetrahedral coordination
the Mn atoms. The Mn spin correlation lengthj is 2.86 Å,
which is about the distance between the nearest Mn at
along @110# direction, while j is only 1.72 Å along the
@001# direction. Lacroixet al.23 have developed an extende
SCR theory to explain the low-T SF character found by the
neutron experiment and predicted that 1/T1T should vary as
xQ

3/4 where xQ is the staggered susceptibility at AF wav
vectorQ. One may think this prediction as a consequence
the decrease in the dimensionality, since in thre
dimensional~3D! systems 1/T1T}xQ

1/2 and in 2D systems
1/T1T}xQ,3 In the case of strong AF spin fluctuation, 1/T1 is

FIG. 2. 55Mn Knight shift in YMn2. Closed triangles:P
51 bar, squares:P53.3 kbar, circles:P58.5 kbar. The inset
shows theK vs x plot for P51 bar.
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dominated byxQ , which follows the Curie-Weiss typeT
dependence,3 therefore 1/T1T}xQ

3/4}1/(T1u)3/4. However,
we found that no single curve of the predicted form can
the data of thewhole Trange, nor a 3D function. The curv
in Fig. 3 is a fit of the data atP53.3 kbar below 40 K to
Lacroix’s equation. One finds that the high-T data cannot be
described by the theoretical curve. This deviation from
itinerant spin fluctuation~ISF! model is better seen in Fig.
where (T1T)4/3 is plotted vsT and the solid lines indicate th
relation of (T1T)4/3}T1u. The data deviates from the theo
retical line aroundT<40 K, for all four pressures. We pro
pose that 1/T1 in the high-T region is dominated by localize
moments, where 1/T1 is given by

1

T1
5

gn
2

2

S~S11!

3

As
2

vc
,

FIG. 3. Temperature dependence of 1/T1 for 55Mn in YMn2 at
four pressures. The solid curve is a fit of theP53.3 kbar data to
the theory of itinerant spin fluctuations andTcr is the temperature a
which it ceases to fit the data.

FIG. 4. (T1T)4/3 plotted versusT. The solid lines indicate the
(T1T)4/3}T1u relation. The symbols are the same as for Fig. 3
t

e

with S being the effective spin moment andvc the correla-
tion frequency.24 A possible origin of the seemingly local
ized moment may be that theT-dependent mean square
local amplitude of the spin densitŷS2& is saturated at high
temperatures. Such a thermally induced local moment
been argued theoretically25,23 and experimental support wa
also reported.26 Note that the magnitude of the saturated 1/T1

at high T decreases with increasing pressure. This may
attributed to the reduction of^S2& by pressure. It is probably
because the itinerancy ofd electrons is increased by the mix
ing between thed ands electrons and/or by the direct ove
lapping of d electrons. This is consistent with the Knigh
shift result that indicates the bandwidth enhancement by
pressure. It is also consistent with resistivity (r) measure-
ment wherer becomes constant at highT and its magnitude
decreases as pressure increases.12 From the low-T behavior
of 1/T1, we find the parameteru to be2113, 2117, 2126,
and2133 K for P53.3, 4.0, 8.5, and 12 kbar, respectivel
by fitting the data of Fig. 4 below 40 K to the ISF equatio
This is consistent with the system being moved away fr
the MI when pressure is increased. Lacroixet al.23 have dis-
cussed the proximity of (Y0.97Sc0.03)Mn2 to the MI, based on
the neutron data. They estimatedu to be 170 K. The smaller
u found in the present study suggests that the pure sys
even at P512 kbar is still closer to the MI than
(Y0.97Sc0.03)Mn2 is, although the quadrupole frequencynQ
for Y0.97Sc0.03Mn2 ~Ref. 27! is close tonQ55.42 MHz at
P54.0 kbar of the pure system which increases at a rat
9.8 kHz/kbar.

Thus, we find thatthe PIPS ofYMn2 undergoes a cross
over from the itinerant SF regime at low T to a differe
regime at high T which appears to be governed by localiz
SF. We define the crossover temperatureTcr at which the
data deviates from the theoretical line. As seen in the ph
diagram of Fig. 5,Tcr is not so sensitive to pressure. A com
parison of the crossover in theT dependence of 1/T1 with the
resistivity under pressure shows a characteristic tempera
Tsf , below which the resistivity exhibits aT2 variation.12 Tsf
was found to be about 22 K at a pressure of 4.2 kbar, wh
is quite close toTcr530 K at 4.0 kbar found in this study

FIG. 5. Pressure-temperature phase diagram for YMn2. Below
P>3.3 kbar andT580 K, the system is in the antiferromagnet
cally ~AF! ordered state. AboveP>3.3 kbar and belowTcr the
system is in the itinerant spin fluctuation~ISF! state. There is a
coexistence of AF and ISF states aroundP53.3 kbar~see text!.
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We believe that these two characteristic temperatures ar
lated to the common crossover temperature of SF found h

The crossover in the electronic state of YMn2 resembles
that of high-Tc cuprates28,29and the heavy fermions.30 In the
latter system a similar crossover from an ISF regime t
localized SF regime also takes place.Tcr in the present ma-
terial is on the same order as that in HF systems but is lo
than that in the cuprates by one order of magnitude.
instance, in La22xSrxCuO4 (x<0.15), 1/T1T follows a
Curie-Weiss typeT dependence below 300 K~Ref. 28! but
1/T1 saturates at high temperatures.29 The stronger localized
character of YMn2 than the cuprates can be attributed to
narrow band and the short magnetic correlation length.
estimate that the band width in YMn2 is approximately by
one order of magnitude smaller than that of the high-Tc cu-
prates based upon the DOS at the Fermi surface. On the o
hand, the magnetic correlation lengthj in YMn2 is less than
the Mn-Mn distance. By contrast, the Cu AF spin correlat
in cuprates is extended over several lattice constants, i.j
;3a in lightly doped material La1.85Sr0.15CuO4 ~Ref. 31!
and j;2a at Tc in cuprates around the optimal dopin
level,2,4 wherea is the Cu-Cu distance. It has been propos
that for SF mediated superconductivity, a larger bandwi
,

h
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c
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d
h

with a largerj favors a higherTc.
2,3 According to this pro-

posal, YMn2 is unfavorable for superconductivity compare
to the cuprates. Nevertheless, it is worthwhile to search
superconductivity through tuning SF by varying pressure
as to increase the band width while keepingj finite.

In summary, we have studied the magnetic properties
YMn2 as functions of pressure and temperature by55Mn
NQR/NMR techniques. From the Knight shift, it was pro
posed that the energy band is narrowed due to electron
relation, and the effect of pressure is to enhance the itin
ancy of Mnd electrons, resulting in the increase of the ba
width. In the pressure-induced paramagnetic state, the s
tem undergoes a crossover from an itinerant spin fluctuat
~SF! regime at lowT to a seemingly local SF regime at hig
T. The magnetic crossover of SF in YMn2 resembles that of
high-Tc cuprates.
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