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Complete expressions of the thermal-expansion coefficient @ and the Griineisen parameter I" are derived on
the basis of the self-consistent renormalization (SCR) theory. By considering the zero point as well as thermal
spin fluctuation under the stationary condition, the specific heat for each class of the magnetic quantum critical
point (QCP) specified by the dynamical exponent z = 3 [feorromagnetism (FM)] and z = 2 [antiferromagnetism
(AFM)] and the spatial dimension (d = 3 and 2) is shown to be expressed as Cy = C, — Cy, where C, is
dominant at low temperatures, reproducing the past SCR criticality endorsed by the renormalization group
theory. Starting from the explicit form of the entropy and using the Maxwell relation, ¢ = o, + o, (With «,
and «y being related to C, and Cy, respectively) is derived, which is proven to be equivalent to o derived
from the free energy. The temperature-dependent coefficient found to exist in oy, which is dominant at low
temperatures, contributes to the crossover from the quantum-critical regime to the Curie-Weiss regime. For
sufficiently low temperatures, the thermal-expansion coefficient at the QCP behaves as a & a, ~ T'/3 (3D FM),
T'2 (3D AFM), —InT (2D FM), and —In(—1InT)/In (—;5-) (2D AFM). Based on these correctly calculated
Cy and «, Griineisen parameter I' = I, + I', is derived, where I", and I', contain «, and o, respectively. The
inverse susceptibility (renormalized by the mode-mode coupling of spin fluctuations) coupled to the volume V
in I', gives rise to the divergence of I' at the QCP for each class even though the characteristic energy scale
of spin fluctuation 7j is finite at the QCP, which gives a finite contribution in I'y = —Tlo(%i‘}’)ho. For T <« Ty,
the Griineisen parameter at the QCP behaves as I' ~ I'y ~ —T~3/In T (3D FM), T~'/?/(const. — T'/?) (3D
AFM), —T72AInT (2D FM), and In(—InT)/[T InTIn (— )] (2D AFM). General properties of  and I'
including their signs as well as the relation to 7; and the Kondo temperature in temperature-pressure phase
diagrams of Ce- and Yb-based heavy electron systems are discussed.

DOI: 10.1103/PhysRevB.99.035108

I. INTRODUCTION

Quantum critical phenomena in itinerant electron systems
have attracted much attention in condensed matter physics.
When the transition temperature to the magnetically ordered
phase is suppressed continuously to absolute zero by tuning
a control parameter of materials such as pressure, magnetic
field, and chemical substitution, the quantum critical point
(QCP) is realized. Near the QCP, enhanced magnetic fluctua-
tion causes a non-Fermi-liquid behavior in physical quantities,
which is referred to as quantum critical phenomena.

The self-consistent renormalization (SCR) theory of spin
fluctuation has been developed by Moriya and Kawabata in
1973 [1,2]. The SCR theory succeeded in explaining not only
the Curie-Weiss behavior but also quantum critical behavior at
low temperatures in magnetic susceptibility, which are caused
by spin fluctuation in nearly ferromagnetic metals [3,4]. The
spin fluctuation has been revealed to cause a non-Fermi-liquid
behavior in the specific heat [5] and the resistivity [6] in nearly
ferromagnetic metals and also in nearly antiferromagnetic
metals [3].

The quantum critical phenomena have been studied by
the renormalization-group (RG) theory by Hertz in 1976 [7]
and reexamined by Millis in 1993 [8], which has explained
low-temperature properties of physical quantities in the
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vicinity of the QCP. The RG theory has been shown to yield
the same critical exponents [9] as those found in the SCR
theory [10-14].

The magnetovolume effect in nearly ferromagnetic metals
has been studied by Moriya and Usami in 1980 [15]. They
discussed the effect of spin fluctuation on the thermal ex-
pansion and the effect was also studied in nearly antiferro-
magnetic metals [13]. In 1997, Kambe et al. analyzed the
thermal-expansion coefficient and the Griineisen parameter
observed in Ce;_,La,Ru,Si, by using the SCR theory and
the RG theory and pointed out a possibility that the Griineisen
parameter diverges at the QCP [16]. In 2003, by using the
scaling hypothesis and the RG theory, Zhu et al. evaluated a
critical part of the thermal expansion coefficient. By taking
the ratio to the critical part of the specific heat, they evaluated
the critical part of the Griineisen parameter, which actually
diverges at the QCP [17,18]. Experimentally, in CeNi,Ge,,
which is located closely to the three-dimensional (3D) AFM
QCP, the divergence of the Griineisen parameter has been
observed [19]. Divergence of the Griineisen parameter has
also been observed in Celn;_,Sn, (x = 0.65) [20] and in
CeRhIns_,Sn, (x = 0.48) [21], where the 3D AFM order is
suppressed by the chemical doping.

It is well known that if the system is dominated by a single
energy scale T*, the entropy is expressed as a scaled form

©2019 American Physical Society
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S = kg f(T/T*), where kg is the Boltzmann constant and 7 is
temperature, so that the Griineisen parameter is given by I' =
—%(%) s with V being the volume [22-24]. Normal metal
with the Fermi temperature is known to be the case and lattice
system with the Debye temperature where acoustic phonons
give the dominant contribution is also the case. The expression
of T" suggests that if 7% becomes zero with nonvanishing
(0T*/dV)s, the Griineisen parameter diverges.

On the other hand, in the SCR theory, there exists the
characteristic energy scale of spin fluctuation 7p, which is
known to be finite even at the QCP in general [3]. It is also
known that the magnetic correlation length diverges at the
QCP, the inverse of which gives the zero characteristic scale.
Hence, it is interesting to clarify how these quantities affect I'
at the FM QCP and also AFM QCP. This requires theoretical
study to clarify how the Griineisen parameter behaves at the
QCP in the SCR theory.

An advantageous point of the SCR theory is that it de-
scribes not only the quantum critical behavior in the vicinity
of the QCP, but also the Curie-Weiss behavior at higher
temperatures in the magnetic susceptibility in a unified way
[3]. The crossover from the quantum-critical regime to the
high-temperature (Curie-Weiss) regime for the other physical
quantities such as the specific heat and the resistivity can also
be calculated [3,25,26].

So far, critical parts of the thermal-expansion coefficient
o and the Griineisen parameter I" were reported by the RG
theory [17,18]. It seems important to clarify their complete
expressions with not only the critical part but also noncritical
part including their coefficients of the temperature-dependent
terms in the SCR theory. In many cases the critical part
is observed in the very vicinity of the QCP, and in case
experimentally accessible temperature does not reach the low-
temperature regime, the crossover behavior is usually ob-
served. Hence, it is useful to obtain the complete expressions
of o and I" for comparison with experiments.

In the original SCR theory, the specific heat was calculated
with the zero-point spin fluctuation being neglected [10-12].
Taking into account the zero-point spin fluctuation [14,27] as
well as the stationary condition of the free energy adequately
[27], the specific heat was calculated, which has shown that
the dominant contribution to the quantum criticality comes
from the thermal spin fluctuation and the critical indices
[10-12] endorsed by the RG theory [8,9] do not change.

However, in the calculation of the thermal-expansion co-
efficient and the Griineisen parameter in the SCR theory, the
zero-point spin fluctuation as well as the stationary condition
of the free energy should be taken into account correctly,
which has not been addressed in Refs. [15,16]. Takahashi
considered these effects in the extended SCR theory by in-
troducing the conservation law of the total spin-fluctuation
amplitude and discussed the magnetovolume effect [28].

In this paper we derive the thermal expansion coefficient
« and the Griineisen parameter I' in the complete framework
of the original SCR theory. By taking into account zero-point
spin fluctuation as well as the stationary condition of the free
energy correctly, we reexamine the specific heat Cy near the
ferromagnetic (FM) QCP and the antiferromagnetic (AFM)
QCP in three spatial dimensions (d = 3) and two spatial
dimensions (d = 2). Then we derive the thermal expansion

coefficient « for each class starting from the entropy, which is
proven to be equivalent to that obtained from the explicit form
of the free energy with the use of the stationary condition in
the SCR theory. On the basis of these correctly calculated Cy
and o, we obtain I'. By performing analytical and numerical
calculations of Cy, «, and I" near the magnetic QCP, their
quantum-critical properties are clarified.

We find that the temperature dependent coefficient exists
in the expressions of «(7") and I'(T"), which has not been
reported in the past RG studies [17,18]. Furthermore, the
complete expressions of «(7") and I'(T') clarify the crossover
from the quantum-critical regime at low temperatures to the
Curie-Weiss regime at higher temperatures for each class of
the QCP. Then we give the answers to the following questions:
(1) What is the relation to the divergence of I' at the QCP
shown by the RG theory? (2) How to reconcile with finite T
at the QCP in the SCR theory? (3) What is the relation to the
Moriya-Usami theory?

The organization of this paper is as follows: In Sec. II
the definitions of the thermal-expansion coefficient and the
Griineisen parameter are explained by introducing thermody-
namically equivalent expressions. In Sec. III the SCR theory
is outlined and the properties of the specific heat near the
QCP are summarized. In Sec. IV the Griineisen parameter
is derived from the entropy in the SCR theory. In Sec. V
the thermal-expansion coefficient near the QCP is derived
from the entropy and the free energy, respectively, in the
SCR theory and equivalence of both the results is proven. In
Secs. VI, VII, and VIII, results of numerical calculations of
the thermal expansion coefficient and the Griineisen param-
eter near the QCP for each class are analyzed, respectively.
Section IX is devoted to discussions by comparing the present
theory with other theories and experiments. In Sec. X the pa-
per is summarized. From Secs. II to VIII we concentrate on the
electronic Griineisen parameter relevant for low temperatures
where lattice degrees of freedom give minor contributions. In
Sec. IX the general case including phonons is discussed.

II. THERMAL-EXPANSION COEFFICIENT
AND GRUNEISEN PARAMETER

In this section the definitions of the thermal-expansion
coefficient o and the Griineisen parameter I" are summarized.
The equivalent expressions of & and I' are also derived for the
use in discussions in the forthcoming sections.

A. Thermal-expansion coefficient

The thermal-expansion coefficient is defined as

_l(ﬂ 0
“=v\er),

where P is the pressure. By using the relation
v (57)
<_> T gP - (2)
P =

Eq. (1) is expressed as
) , 3
v

Ot:KT(

| @
S|bs
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where the isothermal compressibility «7 is defined as

1 /0V
=y (35), @

On the other hand, by using the Maxwell relation
(@V/aT)p = —(3S/0P)r in Eq. (1), o can be expressed as

85
az__<ap> )

B. Griineisen parameter
The Griineisen parameter I' is defined by

aV
CvKT ’

= (6)

where Cy is the specific heat at a constant volume

Cy=T 05 7
(). 0

With the use of Eq. (5) for o in Eq. (6), the Griineisen
parameter I is expressed as follows:

L8 T) 1 (V)
- d(S V) av,T)
d(P, T) TIET) 50.D)

VasS.T) vV [aT ®)
T3S, V) av

If the entropy is expressed as § = kg S(T'/ T*) with a single
characteristic temperature scale 7* as in the Fermi-liquid
region of metals, (07 /dV )y is given in a form as

oT T [0T*
(W) ZF(av) | ©)
S S

Then the Griineisen parameter I' is expressed as a conven-
tional form as [23,29]

olnT*
=-— . (10)
nV /¢

III. SCR THEORY

In this section the self-consistent renormalization (SCR)
theory of spin fluctuation is outlined. By taking into account
the zero point as well as thermal spin fluctuation under
consideration of the stationary condition of the SCR theory,
the specific heat near the magnetic QCP is reexamined. Here-
after the energy units are taken as # = 1 and kg = 1 unless
otherwise noted.

A. Formulation of the SCR theory

The action of the itinerant electrons with Coulomb interac-
tion is expressed in the form of the Ginzburg-Landau-Wilson
functional

Dlp] = Zszz(q)go(q)go<—q>+ Y Q@132 35 34)
q1.42.93.44
4
X 9(G)9(32)9(33)9 ()8 (Z qi), (11)
=1

which can be derived from the Hamiltonian via the
Stratonovich-Hubbard transformation applied to the on-site
Coulomb interaction term [7]. Hence, Eq. (11) describes the
action for isotropic spin space [30]. Here g is an abbreviation
for g = (q, iw;) where w; = 2mlT with [ being an integer.
Since long wavelength |q| < ¢. around the magnetically or-
dered vector Q and low frequency |w| < w, regions play the
dominant role in the critical phenomena with g, and . being
the cutoffs for momentum and frequency, respectively, €2; for
i =2, 4 are expanded for ¢ and w around (Q, 0):

2

Qu(q. i) ~ N0 + Aq +Cq|w1|’ (12)
Nr

where C, is defined as C, =C /q*~% with z being the dy-

namical exponent (e.g., z = 3 for ferromagnetism and z =

2 for antiferromagnetism) and Ng is the density of states

at the Fermi level, and 24(q1, ¢2, @3, G4) =~ v4/(BN) with

B=1/T.

To construct the effective action for the best Gaussian,
taking account of the mode-mode coupling effects up to the
fourth order in ®[¢], we employ the Feynman’s inequality
[32] on the free energy:

F < Fep + T(® — Qeg)err = F(1). (13)

Here the effective action @ is parametrized as

1 n+ Ag? + C,lw| ,
Sy T (. il (14)
I q

Desr[p] = N
F

where n expresses the effect of the mode-mode coupling
of spin fluctuations and parametrizes the closeness to the
quantum criticality. In Eq. (13), (- - - ). denotes the statistical
average taken by the weight exp (—®.g[¢]) and Fgr is given
by

Fur = —Tn f Dy exp (= Duro]). (15)

By optimal condition ar (") = 0, the self-consistent renor-

malization (SCR) equation for n is given by
no—1n  6vs

2
— e =0, 16
N + N (@7 )eft (16)

where spin fluctuation (%) e is defined as
Ng
2
¢ =T E E . 17
(‘p )eﬁ - ] 77+A612+Cq|601| ( )

Here (¢?)err consists of the quantum (zero-point) fluctuation
(¢?) ero and thermal fluctuation (), as

(@D)etr = (@) ser0 + (97)ths (18)

where ((/72>zero and <‘p2

Ng 1 @e w
Do =— Y — | do——, 19
(9%)sero nchfo wrng (19)
w
Z / F T @)

= (n+ Ag*)/C,.

)t are expressed as

respectively. Here I, is defined by I,

035108-3
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From Eq. (14), the dynamical magnetic susceptibility is
given by

Nr

@)= ———————— 21
xe(g, @) " AP —iCyo 2h

where Q is the wave number vector of the magnetically
ordered phase (e.q., Q = 0 for ferromagnetism and Q # 0 for
antiferromagnetism).

The free energy F defined by Eq. (13) is expressed as

X

o — 1N 3v4 T we
+ (@Deit + — - — Z . Q2)

@ _w
a)2+F2{5+T1n(1_e T)}

y=—> (23)

and the wave number x = q/qp with gg being the wave
number of the Brillouin zone. Thus, I'; is expressed as

T, = 2nTox* 2 (y + x?), (24)
where the characteristic temperature of spin fluctuation is
defined as

Agp
2nCy,

0 (25)

Near the QCP, quantum spin fluctuation () sero is calcu-
lated [13] for the cases above and just at the upper critical
dimension 4, respectively, as

) —N—Cl Coy+---, ford + z > 4,
¢ Jzero 274 |C1 + ylny — Coy + -+, ford +z =4,
(26)
where T, is defined as
Ag?
T, = ﬁ 27)
F
The constants C; and C, are given by
Xe a)z + x2z
C, = dxxd 3 =< = | (28)
0 x22
2
f dxxt 7°—T°2 ford + z > 4,
C, = “*’:}“ﬂ (29)
I+Inx?—3In|=2—| ford+z=4,

respectively. Here the cut off of the wave number is set to be
q. in the ¢ integration, which is expressed as x. = Z—; in the
dimensionless scaled form and w.r is defined as w.r = 2“;—}

The thermal spin fluctuation (p?)y, is calculated as
2 Ty [* d+z-3 1
(go >th = Nd— dx.x s lnu - — W(U) ) (30)
TA 0 2u
where (1) is the digamma function with u defined as
Fq _ x172(y + x2)
2nT t '

u €1V

Here ¢ is defined as the dimensionless scaled temperature
T

e

By substituting Eqs. (26) and (30) into Eq. (18), the SCR

equation [Eq. (16)] is written in the scaled form ford 4+ z > 4
as [10-12]

t

(32

d e 1
y=y+ —yl/ dxx 3w — — — vy, (33)
2 0 2M

and ford + z = 4 as [13]
Y1 * 1
y=yo+ = ylny+d dxx{lnu — =y,
2 0 2u

(34)
where yy and y; are given by
”“ + 3dv4 C1
Yo = 1+3d—v4ﬁC2’ (35)
1204 7%
V=7 (36)

1+3du4;—§zc

respectively. Here, note that y, is different from that obtained
by substituting no for n on the right-hand side (r.h.s.) of
Eq. (23).

The solution of the SCR equation y is proportional to the
inverse susceptibility

R
2Ta x(0,0)’

which is obtained by substituting Eq. (23) into Eq. (21) with
the use of Eq. (27). Numerical solutions of Egs. (33) and (34)
are shown in Figs. 1(a)-1(c) and Fig. 1(d), respectively
[10-13]. The # dependencies of y for the paramagnetic region
(yo > 0) and the region where the magnetic order occurs
(yo < 0) and just at the QCP (yy = 0) are shown. For yy <
0, y =0 is realized for t > 0 in the case of d =3 [see
Figs. 1(a) and 1(b)], where the magnetic phase transition
takes place at finite temperature, while y = 0 is realized only
at t =0 for d = 2 [see Figs. 1(c) and 1(d)], satisfying the
Mermin-Wagner theorem [33]. In each class, the Curie-Weiss
behavior xq(0,0) oc y=! ~ ¢~! appears in the high-¢ regime
[e.g., see t = 0.07 in Fig. 1(a)]. The quantum critical region
appears in the low-t regime at the QCP realized for y, = 0,
whose property in each class is analyzed as follows.

In d = 3, the x integral in Eq. (33) converges for y — 0
and then the solution is obtained as

yoct'te (38)

at the QCP with yy = 0.0, as shown in Appendix B. This
yields y ~ t*/3 for the 3D FM QCP (z = 3) and y ~ t*/2 for
the 3D AF QCP (z = 2).

In d =2, the x integral in Eq. (33) shows logarithmic
divergence for y — 0. At the FM QCP for z = 3, the solution
of Eq. (33) is obtained as y = ——t Inz (see Appendix C). At
the AF QCP for z = 2, the solutlon of Eq. (34) is obtained as
y = —tl"(z_h:‘:’) (see Appendix D). The criticality y (oxn) for
each class is summarized in Table 1.

37)
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FIG. 1. Scaled temperature dependence of y for (a) 3D FM, (b) 3D AFM, (c), 2D FM, and (d) 2D AFM. The inset shows the scaled

temperature dependence of 1/y o xq(0, 0).

B. Entropy and specific heat

The entropy S = —(% ), 18 obtained by differentiating the
free energy F in Eq. (22) with respect to the temperature.
Noting that the terms with (g—;)v and also (m‘g—;)e“)v vanish
with the use of the SCR equation [Eq. (16)], the entropy is
derived as [27]

Xe
S = —Nd/ dxx?! {1nv27t —u
0

+ <u — %>lnu — lnF(u)}

+ Nd / dxxd_lu{lnu L w(u)}, (39)
0 2u

where I'(«) is the Gamma function.
The specific heat under a constant volume is obtained by
differentiating the entropy S in Eq. (39) with respect to the

temperature [14,27] as

3s
Cv=T(-—=) =C.—
T/,

where C, and Cy, are given by

Cy, (40)

e a-1 21 1 /
C,=—Nd dxx“"u{—+——v'(m);, 41)
0 u 2142

. (9
a ),

respectively. Here v//(u) is the trigamma function and Cj, is
given by

Cy = 42)

. xe 1 1
Cp = —Nd/ dxx3ul — 4+ — — Y )}, (43)
0 u  2u?

As for C,, the x integral in Eq. (41) shows no divergence
from x = 0 even for y — 0 irrespective of spatial dimensions

TABLE I. Quantum criticality at the magnetic QCP for each class specified by z = 3 (FM) and z = 2 (AFM) ind = 3 and 2 [3]. Electrical
resistivity p(7T'), specific-heat coefficient C/T, uniform susceptibility x (7), and NMR relaxation rate (T, T)~!. For x, — C.W. denotes the
crossover to the Curie-Weiss behavior. Note that o< y holds [see Eq. (23)].

Class n 0 Cc/T X (T, T)™! Refs.
3D FM T43 T5/3 —InT T—43 > C.W. T—43 [6,12]
3D AFM T3/? T3/ const.—T''/2 const.—T'* — C. W. T34 [11,34]
2D FM —TInT T4/3 T-13 —1/(TInT) — C.W. —1/(T InT)*? [10]
2D AFM Ll T —InT - —InT/T [13,35]

035108-5
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FIG. 2. Specific-heat coefficient vs scaled temperature just at the QCP. Cy /Nt (bold solid line), C, /Nt (thin line), and C,/ Nt (dash-dotted
line) are calculated numerically in Egs. (40), (41), and (42), respectively for yo = 0.0 and y, = 1.0. (a) 3D FM QCP. (b) 3D AFM QCP. The
inset shows log-log plot of 1/2 — Cy /Nt (thick solid line), 1/2 — C,/Nt (thin solid line), and C,/Nt (dash-dotted line). (c) 2D FM QCP.
The dashed line represents the least-square fit of C,/Nt for 107> < t < 10~* with ar~'/3. (d) 2D AFM QCP. The dashed line represents the

2

least-square fit of Cy/t for 107> <t < 107* with —g 2500

[27]. Hence, C, for t <« 1 at the QCP has no explicit y
dependence.

As for Cp, in d = 3, the x integral in Eq. (43) shows no
divergence from x = 0 for y — 0 and is evaluated as [27]

Co et (44)
fort — 0 at the QCP. Namely, C}, shows the same temperature
dependence as y, i.e., Cy ~ v, as seen in Eq. (38). Ind = 2,
the x integral in Eq. (43) shows logarithmic divergence arising
from x = 0 for y — 0. Hence, Cj, has the Iny dependence at
the QCP.

The temperature dependence of the specific heat at the
magnetic QCP for each class is summarized in the following
subsections. The numerical calculation of Eq. (40) is also
performed. To calculate (%)V’ by differentiating the SCR
equation [Eqgs. (33) and (34)] with respect to the scaled
temperature ¢, we have

Ne L
3 Coy

<8y> = ford +z > 4, s
o)y T | _ued _
' 1- 2 (ny+1)- %L M ford +z =4,
where M is given by
Xe 1 1
M= / dxx®HE2N =4 s =y ). (46)
0 u  2u?

To calculate the ¢ dependence of the specific heat just at the
QCP, we set yp = 0.0 in the SCR equation [Egs. (33) and (34)]

with setting as y; = 1.0 and x. = 1.0. By solving the SCR
equation, we obtain the solution y(¢). Then, by inputting y(r)
to Eq. (45), we obtain (%)v. Finally, by substituting y(¢) and

(%)V into Eq. (40) for each class, we obtain Cy (¢), which is
shown in Figs. 2(a)-2(d), respectively.

1. 3D ferromagnetic case

Fort « 1, C, is evaluated as [5,12,27]

C. t
— ~ ——Inz. 47
N 6
Fort « 1, Cy, is evaluated as [27]
C
LG (48)

Since Cy, behaves as Cy, ~ t°/3 in Eq. (42) with dy/dt ~ t/3
for t < 1, the specific heat in Eq. (40) behaves as

Cy
— &~ — ~ —tInt,
N

N (49)

for t <« 1, where the dominant contribution comes from C,,
as seen in Fig. 2(a). This reproduces the criticality shown by
the past SCR theory, which is summarized in Table I (see C/ T
for 3D FM). It is noted that the same temperature dependence
as Eq. (49) was also derived from the RG theory [9].
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2. 3D antiferromagnetic case

Fort « 1, C, is evaluated as [11,27]

C, 1 15 , 1
N ~ Et Xe — ?as/zt , (50)

where a5, is a constant given by a§/2=f0°°duu3/2

{3 —Inu + 5- + ¥ (w)}. Fort < 1, Cy is evaluated as [27]

Gy 3/2

_r\/t

N

Since Cy, behaves as Cy, ~ t? in Eq. (42) with dy/dt ~ t'/2 for
t < 1, the specific heat in Eq. (40) behaves as

Cy C 1 15 ,

N §f<x° - 7“5/2’”2)’ 62
for + <« 1, where the dominant contribution comes from C,,
as seen in Fig. 2(b). This reproduces the criticality shown by
the past SCR theory (see C/T for 3D AFM in Table I). It is
noted that the same temperature dependence as Eq. (52) was
also derived from the RG theory [9].

619

3. 2D ferromagnetic case

Fort « 1, C, is evaluated as [10,27]

C, 10 23

— ~ —as;3t77, 53

N g (53)
where a, is a constant given by a, =nw¢(W)['(v)/

[(277)" sin(vrr/2)] and as/3 = 0.5629. ... For y « 1?3 « 1,

we have
Co t |1/t
x|~ = . (54)
N 2 | y\6
Since y ~ —{zInt at the QCP is obtained from the SCR
equation [Eq. (33)] for d = 2 and z = 3 by setting yp = 0.0
[10], we have
Cb t
— ~ ——Int. 55
N gln (35)
Since the coefficient %as /3 in Eq. (53) is the quantity of O(1),
which is much larger than that in C’b(% v %tlnt (Int + 1),
the specific heat in Eq. (40) is dominated by C, as
C C
hA APV 123, (56)
N N
for + < 1. This can be confirmed by numerical calculation of
Eq. (40), as shown in Fig. 2(c). This reproduces the criticality
shown by the past SCR theory (see C/T for 2D FM in

Table I). It is noted that the same temperature dependence as
Eq. (56) was also derived from the RG theory [17].

4. 2D antiferromagnetic case
Fort « 1, C, is evaluated as [27]
Cy t
— ~ ——Int. 57
N G (57

For y « t <« 1, Cy is evaluated as

% ~ —%m(%). (58)

Since y & —t% at the QCP is obtained from the SCR
equation [Eq. (34)] for d = 2 and z = 2 by setting yo = 0.0
[35], we have

¢
Wb ~ tIn(—Int). (59)

Since C, behaves as Cp ~ _IW in Eq. (42) with
dy/ot ~ —In(—Int)/Int for 0 < ¢t < 1 [see the dashed line
in Fig. 2(c)], the specific heat in Eq. (40) behaves as
& ~ % ~ —tInt, (60)
N N
for t+ <« 1, where the dominant contribution comes from C,,
as seen in Fig. 2(d). This reproduces the criticality shown by
the past SCR theory (see C/T for 2D AFM in Table I). It is
noted that the same temperature dependence as Eq. (60) was
also derived from the RG theory [17].

IV. GRUNEISEN PARAMETER NEAR
THE MAGNETIC QCP

The Griineisen parameter I" near the magnetic QCP is de-
rived on the basis of Eq. (8) in the SCR theory. The calculation
starts from the entropy S in Eq. (39). By differentiating both
sides of Eq. (39) with respect to the volume V under a constant
entropy S, we have

_ RS T N B S
O_Nd/o dxx (8‘/)514{”4-2“2 1//(14)}, (61)

where (du/0V )y is given by

), =it ), ),
icadl I S () IR ity I SR ()
v )t v ) v )

Then, substituting Eq. (62) into Eq. (61) we have

(2> - Sl (63)
v ) Co

where C, and Cy, are defined by Eqs. (41) and (43), respec-
tively. By differentiating Eq. (32) with respect to the volume
V under a constant entropy S, we have

ot 1 (T T (0Ty
—) === - =) - (64)
awv )y n\av)s 1E\av )

By substituting Eq. (64) into Eq. (63), the Griineisen parame-
ter [Eq. (8)] is expressed as follows:

Gy rm)
C,t \dV /g To\aV /g

This is one of the central results of the present paper, whose
property will be discussed in detail in Sec. VII. The second
term expresses the volume derivative of the characteristic
temperature of spin fluctuation. The first term is proportional
to Cp, which gives a minor contribution to Cy as shown in
Fig. 2. However, this term gives the dominant contribution to

I' at low temperatures, which will be shown in Sec. VII.
The Griineisen parameter I' can also be derived from
Eq. (6) with the specific heat Cy in Eq. (40) and the thermal-
expansion coefficient « defined by Eq. (3) or by Eq. (5). Each
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derivation will be shown in the following Secs. V C and V A,
respectively.

V. THERMAL-EXPANSION COEFFICIENT
NEAR THE MAGNETIC QCP

So far, in the theory of spin fluctuations, the thermal-
expansion coefficient « in itinerant magnets has been dis-
cussed on the basis of Eq. (3) [27]. In Sec. V A we will show
that o can be derived from Eq. (5) in a much simpler form
in the SCR theory, which enables us to capture the physical
picture. Next, we will derive o by the standard way from
Eq. (3) in Secs. VB and V C. It will be shown that the result is
lengthy, where it is hard to see an immediate correspondence
to the result obtained in Sec. V A, although both should be
equivalent from the viewpoint of the thermodynamic relation
as shown in Sec. II. To show the equivalence in the SCR theory
explicitly, the proof will be given in Sec. V D.

A. Derivation from « = — 5 (35)7

First, let us derive the thermal-expansion coefficient «
defined by Eq. (5). Then, calculation starts from the entropy

J

S in Eq. (39). By differentiating the entropy S with respect to
the pressure P under a constant temperature, we obtain

aS Cy /0 C, (0T,
D) = () ZaffM0) (66)
aP ), t \aP), To\dP ),

where Cy, and C, appeared in the formula of the specific heat,
which are given by Eqs. (43) and (41), respectively. Then, the
thermal-expansion coefficient is obtained as

1/08S
a=——(— (67)
v\orP ),
= oy + ap, (68)

where «, and o, are defined by

1C, (0T,

aaz—g 220 | (69)
VT,\oP ),
L

Ole_& 8_y , (70)
v i\ar),

respectively. This is one of the central results of the present
paper, whose property will be discussed in detail in Sec. VI.

B. Pressure near the magnetic QCP

Next, let us derive the pressure P = —(%  starting from the free energy in Eq. (22). By differentiating I'; [Eq. (24)] with

respect to the volume V under a constant temperature, we have

ary, aTy - 2 o 3y
— =2n| — < 25 Tox* — ] . 71
(8V)T n<8V>Tx (y+x°)+2rnTox v ), (71)

eit

In the calculation of (%)T, the terms with (;—"‘})T and also (a(‘g—)T vanish because of the SCR equation [Eq. (16)] or

14
Ty

optimization condition d F(y)/dy =0 [28]. The details are given in Appendix E. Then, only the first term with (5¢), In

Eq. (71) remains and we have

dF 1 (3T 3 [ o ) 1o AT 5 3 [0y -
P=——) === ) I1-|=(-—=]|T = -yl == - == , (72
<BV>T To(aV>T [BV<Aq§)L e (Aqé y)(aV>T“" Ny ), e 8

where [ is given by

1 e 9 r w v
== dolT,— | —2L— )| = + Tln(1 — e~ 7)|. 73
ﬂ;/o quFq<w2+I‘3)[2+ n(l—e r)} (73)

Here, by using the relation [27]

3 ry \
g \?+T2)

d w (74)
ow a)z—i—l"; ’

the partial integration with respect to w can be performed. Then we have

1 o w _e

Wc

+/de © (L, 1 (75)
W — _ .
0 W +T2\2 o7 —1

0

The first line in Eq. (75) is neglected since the spectrum of the spin fluctuation is considered to decrease faster than the Lorentzian
in the high-frequency regime [27]. Hence, the first and second terms in the last line in Eq. (75) are expressed as

I = Lo + I, (76)

respectively, where I, is given by

NdTot [*
Izero = 0 / dxxdfluln
0

2

2 2
wr +u

— . (77)

u
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and Iy, is given by
Xe 1
Iy, = NdTOt/ dxxdlu{lnu Sbvie w(u)}. (78)
0 u

C. Derivation from o = lcr(%)v

Let us derive the thermal-expansion coefficient « defined by o = KT(%)V in Eq. (3), where the isothermal compressibility
is given by Eq. (4). By differentiating the pressure in Eq. (72) with respect to the temperature 7 under a constant volume V, we

have
oP aT; al ol a ad
i _(°F __ O) zero + 9%th _ _ 77_02 TA<§02)eff
KT oT /, oV oT /)y oT )y oT |LdV \Ag;/ 1,
no 0Ty 2 3 31)4 2.2
0 -4 , 79
+ (Ach% y><8v)r(<ﬂ )eff+ Fi <‘P s ) (79)
where
(E)Izero) _ Nd(a—y) {1/‘% dxx® 310 Cl)gT + u? B /XC dxxd+z—32wi}’ (80)
T )\, ar )y 12 Jo u? 0 wir +u?
dln ay
— NdL — G C,. 81
( o ) (ar> ( W o
Here L is given by
Xc 1
L= / dxxd+z_3{lnu - = w(u)}. (82)
0 2u
By substituting Egs. (80) and (81) into Eq. (79), we obtain
1 (0T, ay\ [ Nd : -
@ _ _(_0 (_y) / x| G F 2| Nd/ dxx 3 2T NGL 4 Gy -,
kr  To\dV )\ 9t 2 Jo u? 0 wor + u?

Ay N T2 8 [ n 2 aT, T 1 [/dv
(5 ) Vel av\aer )|~ @ 57) + 7@ (55 (83)
at v 6vy Ty [0V AqB T Ty aVv T Ty 3V
where the last three terms have been obtained by using the SCR equation [Eq. (16)]. Details are given in Appendix F.

D. Equivalence of the expressions of thermal-expansion coefficients

In Secs. VA and V C, each expression of the thermal-expansion coefficient & has been derived from Egs. (5) and (3),
respectively. At first glance, it seems unclear whether Egs. (68) and (83) are equivalent. However, with the use of the stationary
condition of the SCR theory, it can be shown that both expressions are equivalent, which will be proven in this subsection.

Multiplying «7 on both sides of Eq. (83) and using Eq. (4) with the relation (%)T(% r= (%)T for Y = Ty, no, Ng, and

V4, We obtain
11 /0T, 9 Nd 2 2 e 2
a=—— (=) [+ () {NdL -G+ == / dxx | ST g f dxxtid LT
VTo\dP /), ar /)y, 2 Jo u? 0 Wiy + u?

1/0 N T2 d 2 aT, T, 1 (v
+o ( y) {——A[—<—"°2)} - —<<o2>eff<—“> + —A<¢2>eff—<—“) } (84)
ot v 6vy Tp [ 0P AqB T To oP T To vy \ 0P T
Near the QCP, the x integration on the first line of Eq. (84) is expanded around y = 0 as

X
/ dxx 3 1n
0

where C; and C, are given by Egs. (28) and (29), respectively. On the last term in the first line of Eq. (84), the x integration is
also expanded around y = 0 and we obtain

1 /0T, e 2 aC aC
— 0 / dxxd“% zwcT — o1 02 e, (86)
T\ 9P ), Jo oy +u2 2|\ aP P

whose derivation is given in Appendix G.

2 2
w (85)

u Ci+ylny—Cyy+--- (d+z=4),

:{Cl—Czy+-~- d+z>4),
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By substituting the SCR equation [Eq. (33)] into y which appears on the r.h.s. of Egs. (85) and (86), and (¢?).; in the last
line of Eq. (84), Eq. (84) is expressed as

11 /0T, 1/d 1 (9T - 2 (/9 o\ d
a=——(20) o (2} [ —(Z2) e N 20) (2 LY, 87)
vo\ar ), * " v\ar ), 1 \oP ), w\ar ). "GP ), 2

for d + z > 4. The details of the derivation are given in Appendix H. Here the following equations, which are obtained by
differentiating Eqs. (35) and (36) with respect to the pressure, respectively, are used to derive the second line of Eq. (87):

9 1 (9T, 2 (0T, 1 (ovs\ )d
().~ (568, 2.5), aGs),Jooeamem
p), \n\opr), T.\oP), v \oP),|4
d [(dC aC 3 [ 1
<ol (58), - G) o= [ o) Ay ®
4 ap ), \aP ), aP\Aq} )1, Ag} 120,

] 1 (0T 2 (0T, 1 /v d d oC
) S (22) - (Z2) (=2 n(1-Son ) -5 (52) (89)
P T T() P T TA oP T V4 oP T 4 4 oP T
For d + z = 4, by substituting the SCR equation [Eq. (34)] into Eq. (86) and with the use of Egs. (88) and (89), Eq. (84) is
shown to lead to

11 /97 1/a 1/aT0\ ~ 2 ({9 5 1
o= ——(2) ot —(2) [ (Z2) G+ N (22} (22 (L+2ymy)l, (90)
vo\ar ), " v\ar ), o \aP ), w\er ), " \ap ) \" 72

which has a form with a logarithmic term in the last term in Eq. (87).

The results of Egs. (87) and (90) are consequences of the fact that the quantities Ty, T4, v4, and 19/ (Aqé), which are included
in yo and/or y; defined by Egs. (35) and (36), respectively, have the pressure dependence. Since Ty is included in the constants
C and Cj, as seen in Egs. (28) and (29), respectively, the pressure dependencies appear via Tj.

By substituting Eq. (45) into Egs. (87) and (90), the thermal-expansion coefficient is expressed as

o = oy + ap, €2y

11 /0T,
Oy = — Ca, 92)
VTo\oP /),

where «, is given by

and oy, is given by

Oy = V 1 %M s (93)
ford + z > 4, and
o LSIGR), + (3, (L by — £ (5,003 ] o0
Ty = %(ny+1)— M ’

for d + z = 4, respectively.

On the other hand, let us turn to Eq. (68) to be compared with Egs. (91) and (94). We see that Eq. (69) is exactly the same as
Eq. (92). As for oy, to calculate (g—"l;)T, by differentiating the SCR equation [Eq. (33) and Eq. (34)] with respect to the pressure
P, we obtain

9y S -2y - (d+z>4),
a_P T = (M) +(d’—1) (4;+lvln V)_L(@) Gt L (95)
S lT—;(ln;;rl);%g L L (dtz=4),

respectively. By substituting Eq. (95) into Eq. (70), «y, is obtained as

1 B0E, G4 - 4(5), 03 ) 5
ap = V 1 — dy]M ) ( )
2t

ford + z > 4, and

o=
=z|—

1

]

1 GG+ () B+ 33iny) - 7(58),Co
4 I—%(ny+1)— M

; o7)
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FIG. 3. (a) Temperature dependence of the thermal-expansion coefficient « (thick solid line), o, (thin solid line), and o, (dash-dotted line)
at the 3D FM QCP. (b) Log log plot of (a). The dashed line represents the least-square fit of « with at'/3 for 107> < ¢ < 10~*. The inset shows

the ¢ dependence of( =)y /(3‘0 r_or

for d 4+ z = 4, respectively. Now we see that Eq. (96) is
exactly the same as Eq. (93) for d + z > 4. We also see that
Eq. (97) is exactly the same as Eq. (94) for d + z = 4. Hence,
it is proven that both expressions on « of Eqgs. (68) and (83)
are equivalent.

VI. NUMERICAL RESULTS ON THERMAL-EXPANSION
COEFFICIENT « AT THE MAGNETIC QCP

Since equivalence of Egs. (68) and (83) has been proven,
let us analyze the temperature dependence of the thermal-
expansion coefficient a on the basis of Eq. (68), which has a
simpler expression. In Eq. (68), o [Eq. (70)] includes (g—'IV,)T,
which can be obtained by calculating the r.h.s. of Eq. (95).
Namely, when the pressure derivatives of Ty, T4, v4, and
no/(AqB) are given, one can obtain (8“’) by Eq. (88) and

(ay‘) by Eq. (89). Then, substituting them 1nto Eq. (95),

one obtains the temperature dependence of ( ) At the
QCP tuned to the critical pressure P = P, yp = O is realized.
However, (2% 5p )7_o can have a nonzero value at the QCP in
general, which will be shown for d 4 z > 4 below. Since yy
defined by Eq. (35) is the quantity for T = 0, the first terms in
the numerator and denominator of the r.h.s. of Eq. (95) are
constants. Note that y; defined by Eq. (36) is the quantity
for T = 0 and hence (‘” 7 ), has no temperature dependence.

Since Ty is defined by Eq. (29), (dT" ), also has no temperature
dependence.

To see the temperature dependence of « at the QCP,
numerical calculation of Eq. (68) is performed. First, we solve
the SCR equation [Eq. (33) or (34)] by settlng yo = 0.0 and
y1 = 1.0. With the use of the solution y and ( 5F ) obtained
by Eq. (45), we calculate C,(¢) in Eq. (41) and Cp(1) in
Eq. (43). Then we calculate (3%) in Eq. (95) by setting
(‘)y") = 1.0, (‘)yl = 1.0, and (BTU) = 1.0 as represen-
tative Values (the reason for this parametnzation is explained
below). Finally, by substituting C,(¢), Cy(?), and (g—lya 7 into
Eq. (68), we obtain the temperature dependence of «(¢) at the
QCP. In the plot of «(z), the lattice constant is set as unity.
The results for each universality class are shown in Figs. 3,

4,5, and 6, respectively, whose properties are analyzed in the
following subsections.

Before going into a detailed analysis of «(¢), here we com-
ment on the unit and parametrization. In Eq. (68), the volume
V is regarded as the molar volume. Then, by multiplying
the value of -+ (BTU) in the unit of GPa™! to the restored
Boltzmann constant over the unit-cell volume kg / Vi, Where
Vinit 18 given by Vi = a [A] X b [A] X ¢ [A] we obtain o,
in the unit of K~!, as follows:

1.38 = 1 /93Ty C, 1
oy =—x107"x = — ] x— [K7']. (98)
abc To\ 0P N

As for ap, by multiplying the value of (% r in the unit of

GPa~' to kg / Vanit, We obtain oy, in the unit of K~

138 dy Co
ap = x 1072 — ) x—
abe oP /), Nt

1 as follows:

K7'. (99

Hence, multiplying the numerical value of the underlined
part of Egs. (98) and (99) for each material to «, and ay,
respectively, in the following Figs. 3-6, direct comparison
with experiments can be made. More detailed discussion
about experiments will be given in Sec. IXC 1.

A. 3D ferromagnetic case

Figure 3(a) shows the temperature dependence of the
thermal-expansion coefficient o at the FM QCP (z = 3) in
d = 3. As t decreases, ap, in Eq. (68) contributes to o dom-
inantly, o ~ L C"( )T, while contribution from «, becomes
not negligible as ¢ increases.

For t « 1, we estimate L ~ t4/3 Co~t*3, and M ~
—t*3in Eq. (95). Hence, we have( )y X (ay“)T -0 — b3
with b; being a positive constant. Thrs can be seen in the
inset of Fig. 3(b) where the ¢ dependence of ( ) /(By" )T -0

is plotted. At sufficiently low temperatures where (2 5p )y can
be regarded as a constant ( )y (a” Vr—gr @ behaves as

Gy 1/3

oxX — ~t (100)
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FIG. 4. (a) Temperature dependence of the thermal-expansion coefficient ¢ (thick solid line), ¢, (thin solid line), and o, (dash-dotted line)
at the 3D AFM QCP. (b) Log log plot of (a). The dashed line represents the least-square fit of a with at!'/? for 107> < ¢ < 107, The inset

shows the ¢ dependence of (a; ), /(0 dyo ) o

where % ~ t'/3 dominates over C, ~ —tInt [Eq. (49)] in
Eq. (68). This coincides with the temperature dependence
of the critical part shown by the RG theory [17]. However,
it should be noted that « ~ ¢!/ appears at sufficiently low
temperatures for ¢+ < 1073, as shown in Fig. 3(b). This is
because the temperature dependent (;—}};)T
Eq. (70), as noted above.

exists in ap in

B. 3D antiferromagnetic case

Figure 4(a) shows the temperature dependence of the
thermal-expansion coefficient o at the AFM QCP (z = 2) in

d = 3. As t decreases, a}, in Eq. (68) contributes to o domi-
nantly, o ~ LQ( oy 5)p» while contribution from o, becomes
not neghglble as f increases.

For t « 1, we estimate L ~ 3% C, ~ 3% and M ~
—13/%in Eq. (95). Hence, we have (g ~ (("" )y — bat'*
with b, being a positive constant. Th1s can be seen in the

inset of Fig. 4(b) where the  dependence of ( ) / (ay" )r—o
is plotted. At sufficiently low temperatures where (3 P) can

be regarded as a constant (g—f, (”0 )r_q» @ behaves as

172

Cy
oot~ (101)

where < ~ ¢!/2 dominates over C, ~ t(const. — t1/?)
[Eq. (52)] in Eq. (68). This coincides with the temperature
dependence of the critical part shown by the RG theory [17]. It
should be noted however that a ~ ¢'/? appears at sufficiently
low temperatures for t < 1073, as shown in Fig. 4(b). This is
due to the temperature dependence of ( 5P ) in o in Eq. (70),
as noted above.

C. 2D ferromagnetic case

Figure 5(a) shows the temperature dependence of the
thermal-expansion coefficient o at the FM QCP (z = 3) in
d = 2. As t decreases, oy in Eq. (68) contributes to o dom-
~ 1 Cb(

,\_,__

inantly, o )T, while contribution from «, becomes
not negllglble as t increases.
For t <1, we estimate L ~ —tInt,
~ t/Int in Eq. (95). Hence, we have (

C’b ~ —tlnt and

)“‘(3

10 AL LA I AL AL A I L L AL A L \I TTTTIm T TTTTTm T T TTTTIT T TTTTTIm
2d FM (a) (b)
0.8} . I a
1.OF —a, i
0.6} o . ' SN %
3 061 | >~
0.4} a sos T
| 0.5 &5 §“0:6_ ] S .
R204f . )
02F o 1 [SlE02f | ]
! 0T 02 P
PR NN ST SR T SN (N ST S SR S S S S S 0 L L L 1 ||l|||JJ.| Ll LALLL
0 0.05 0.1 0.15 02 107 104 107 102 107!
t t

FIG. 5. (a) Temperature dependence of the thermal-expansion coefficient ¢ (thick solid line), «, (thin solid line), and o, (dash-dotted line)
at the 2D FM QCP. (b) Semi log plot of (a). The dashed line represents the least-square fit of o with aIn¢ for 107 < ¢ < 107*. The inset

A

shows the ¢ dependence of ( oF

w0/ Gp

)T:O'
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FIG. 6. (a) Temperature dependence of the thermal-expansion coefficient « (thick solid line), «, (thin solid line), and o, (dash-dotted line)
at the 2D AFM QCP. (b) Semi-log plot of (a). The dashed line represents the least-square fit of o with —a% for 1077 <t < 1074, The

9y0

inset shows the ¢ dependence of (g—’l;)r /5P

)r=o-

b3a/Int + bapt'/3 with b3, and b3, being positive constants.
This can be seen in the inset of Fig. 5(b), where the ¢
dependence of (g—;,)T / (‘;—VI‘,’)T:O is plotted. At sufficiently low
temperatures where (;—'IVJ)T can be regarded as a constant
(%)T ~ (%)TZO, « behaves as

¢
aochN—lnt, (102)

where % ~ —Int dominates over C, ~ t?/3 [Eq. (56)] in
Eq. (68). This coincides with the temperature dependence
of the critical part shown by the RG theory [17]. It should
be noted however that « ~ —Int appears at sufficiently low
temperatures for r < 10~4, as shown in Fig. 5(b). This is due
to the temperature dependence of (%)T in o, in Eq. (70),
as noted above. As shown in Fig. 5(a), a(¢) shows a slight
increase down to ¢ ~ 1072, which is seen as almost flat-z
behavior, and divergent-¢ behavior becomes visible for lower
temperatures ¢ < 1072,

Note that although « diverges for + — 0, the entropy
becomes zero, i.e., S — 0, fort — 0, which is confirmed with
the use of Eq. (39), satisfying the third law of thermodynam-
ics. This can also be seen by integrating oV with respect to P
[see Eq. (5)] as [17]

P

e
S(P,T):S(PC,T)—/ anP/—/ aVdP', (103)
P, *

where P, denotes the QCP and P* characterizes the crossover
from the quantum-critical to Fermi-liquid regimes. Let us
consider the case for P > P* that S(P, T) and the last term
of the rh.s. in Eq. (103) are in the Fermi-liquid regime,
both of which vanish for + — 0. Since y(¢ = 0) has a finite
slope at P = P, i.e, (g—f,)T:O # 0, the crossover line in
the P-t phase diagram behaves as P* — P, ~ (%—‘;)T_Oﬂ”.
Here t%/3 is the crossover temperature between the quantum-
critical region and the Fermi-liquid region in the P-t phase
diagram, where y/¢?/* much smaller (larger) than 1 for ¢ — 0
gives the quantum-critical (Fermi-liquid) region [see Eq. (B4)
in Appendix B]. Then, the second term on the rh.s. of
Eq. (103) becomes zero for t — 0 since the integration region

vanishes as P* — P, ~ t*/3> — 0 over which « is divergent as
Eq. (102). This yields S(P., T — 0) = 0.

D. 2D antiferromagnetic case

Figure 6(a) shows the temperature dependence of the
thermal-expansion coefficient o at the AFM QCP (z = 2) in
d = 2. As t decreases, ay, in Eq. (68) contributes to o domi-
nantly, o & %%(g—ly))T, while contribution from «, becomes
not negligible as ¢ increases.

In Eq. (95) for d + z = 4, we estimate 5 (yIny +2L) =
y —%W [see Eq. (34) and Appendix D], Cp, ~
tIn(—In¢) [Eq. (59)], and M ~ tln(lffm) for t+ < 1. Hence,
we have (g—lyJ)T/(%)TZO ~ —by/In (=) with by being a
positive constant. Note that divergence of the denominator
of Eq. (95) occurs because the Iny and M terms diverge for

t — 0 and then we have limy_, (% ); = Oirrespective of the

input values of (g_v}? r—o I Eq. (95). This can be confirmed by
the numerical calculation of Eq. (95), which is shown in the
inset of Fig. 6(b).
Fort < 1, o behaves as
Cb By
d — — ~
t \oP/,

In(—57)
__In(=Int)
n (=)

where %(%)T ~ dominates over C, ~ —tInt
[Eqg. (60)] in Eq. (68). Altlknlough Eq. (104) gives the accurate
expression of « for + <« 1, here taking the leading term of
the denominator, we plot o ~ —W in Fig. 6(b) as a
dashed line, which well reproduces o, and also « for ¢ <
1072 It is noted that the low-temperature behavior In(—Int)
in Eq. (104) coincides with the temperature dependence of
the critical part shown by the RG theory [17] except for the
prefactor (dy/d P)y, which gives the — In (—ﬁ) contribution
to the denominator of Eq. (104) [36] .

The temperature dependence of « for 1 << 1 at the QCP for
each class is summarized in Table II.

It is noted that Takahashi derived «(z) from the volume
derivative of the free energy in the extended SCR theory by
introducing the conservation law of the total spin fluctuation
amplitude and discussed the 3D FM case with finite transition

In(—1n¢)
o

(104)
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TABLE II. Temperature dependence of the thermal-expansion
coefficient o and the Griineisen parameter I" just at the QCP for each
class specified by z = 3 (FM) and z = 2 (AFM) ind = 3 and 2.

Class a r
T7-2/3
3D FM T1/3 S
1/2 7172
3D AFM TV o
2D FM —InT _T2BInT
2D AFM _EhT) I In(~InT)

T
In (— ﬁ)

ThnT (_ﬁ)

temperatures [28]. The present study has shown that o(r)
derived from the volume derivative of the SCR free energy
(Sec. VC) is equivalent to «(t) derived from the pressure
derivative of the SCR entropy (Sec. V A), On the basis of
the latter result, which has a much simpler expression, the
critical properties of «(z) at the QCP for each class (z = 3, 2
in d = 3, 2) have been clarified.

VIL. NUMERICAL RESULTS ON GRUNEISEN
PARAMETER T AT THE MAGNETIC QCP

The Griineisen parameter I" is defined by Eq. (6). On the
other hand, I" in the adiabatic process has been derived in
Sec. IV, whose explicit form is given by Eq. (65). It can be
shown that for + — 0 the former expression is equivalent to
the latter one as follows:

Let us consider Eq. (6). Near the magnetic QCP, the
thermal-expansion coefficient « is given in Eq. (68) and the
specific heat Cy is given in Eq. (40). As shown in Sec. III,
for t <« 1, the dominant contribution to Cy comes from C, as
Cy = C, — C, = C,. Hence, I is expressed for r < 1 as

FNCbll ay +11 aTy
C,tkr \OP T kr To \ 0P T

_ CyV Ay V (3T
TGt \aV F1%
where x7 defined in Eq. (4) has been used to derive the second

line. Since Ty defined in Eq. (25) is the quantity atT=0
and does not depend on T, we have (2L v )7 (3T°) For

sufficiently low temperatures, (av) at a constant 7 can be

(105)

approximated as the one at a constant S, i.e., (%)T ~ (3—{,) s
Then, it is confirmed explicitly for r <« 1 that Eq. (105)
coincides with Eq. (65).

Here we remark the property of the isothermal compress-
ibility k7 defined by Eq. (4). By differentiating the pressure P
in Eq. (72) with respect to the volume V under a constant tem-
perature T, (a ); can be calculated as discussed in Sec. V C.

It can be shown that the + — O limit of ( ) is finite but
not zero at the QCP for each class spe01ﬁed by z=73 and
2 in d = 3 and 2. Hence, the + — 0 limit of the isothermal
compressibility is finite at the QCP, i.e., lim,_,o k7 = const.
In the following subsections the temperature dependence
of I at the QCP for each class will be analyzed on the basis of
Eq. (6). The specific heat Cy in Eq. (40) is calculated by the
procedure in Sec. III and the thermal-expansion coefficient «

in Eq. (68) is calculated by the procedure in Sec. VI. With the
use of Eq. (68), T is expressed as

=TI, +T}, (106)
where I'; is defined by
vV
r,=—i’ (107)
Cvl(T

fori =a,b.Fort « 1, I', and I'y, lead to the second and first
terms in Eq. (105), respectively. To plot the ¢ dependence of T,
here we input k7 = 0.1 as a representative value (the reason
for this parametrization is explained below), although given
the first and second derivatives of Ty, T4, v4, and 19/ (Aqé)
with respect to V, the temperature dependence of k7 can be
computed explicitly. Other input parameters are the same as
those set in Figs. 2 and 3.

Here we comment on the parametrization. The Griineisen
parameter [',(T =0) = (aTO )7 In heavy electron sys-

tems is estimated to be in the same order of — (‘g}‘ V1o
with Tx being the characteristic temperature caﬁed Kondo
temperature, which typically has an enhanced value of
0(10), as will be shown in Sec. IXC [see Eq. (120)].
Since —(dT") =T.(T =0)ky = 1.0 was used in Sec. VI
as a typlcal 1nput value, here we input k7 = 0.1 as a typ-
ical value for the heavy electron system, giving rise to
I'y(T =0)=10.0.

If one makes a comparison with the system with the normal
metal where the Griineisen parameter is not enhanced in the
Fermi-liquid region but has the value of 0(1) (e.g., d electron
systems), k7 of O(1) is to be input for — T (dT") = 1.0, which
gives [',(T = 0) of O(1). Hence the vertlcal scales of the
following Figs. 7-10 are an order of magnitude smaller in that
case.

To make more explicit comparison with experiments, the
bulk modulus K; " in the unit of GPa for each material is
multiplied to - ‘m) in the unit of GPa~! [see Egs. (98)
and (99)], g1v1ng rise to the dimensionless I',. These values
can actually be determined from the measurements, which
will be discussed in Sec. IXC 1.

A. 3D ferromagnetic case

Figure 7(a) shows the temperature dependence of the
Griineisen parameter I' at the FM QCP (z = 3) in d = 3.
As t decreases, I' increases and diverges at the ground
state, which is mainly contributed from I'y. For r <« 1, the
thermal-expansion coefficient is evaluated as a ~ oy, ~ t!/3
in Eq. (100) and the specific heat is evaluated as Cy ~ C, ~
—tInt in Eq. (49). Then, T is evaluated as

=372

'=Ty~— , (108)

Int

for t < 1. This is numerically confirmed in Fig. 7(b), where
['(¢)(— In¢) (thick solid line) behaves as ~¢~%/3 (dashed line)
for t <« 1. The behavior of Eq. (108) is in accord with the RG
theory [17], which appears at sufficiently low temperatures for
t < 107, as shown in Fig. 7(b).

In the Curie-Weiss regime [see Fig. 1(a)], ['(#) shows a
monotonic decrease as ¢ increases. The least-square fit of
1/T(¢) in the form of ar¥ for 0.07 <t < 0.20 gives y =
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FIG. 7. (a) Temperature dependence of the Griineisen parameter I" (thick solid line), I', (thin solid line), and I, (dash-dotted line) at the
3D FM QCP. (b) Temperature dependence of I'(—In#) (thick solid line) and I'y(— In¢) (dash-dotted line). The dashed line represents the

least-square fit of ['(— In¢) with at=%/3 for 107> <t < 107,

0.43. Hence, I'(¢) behaves as I'(t) ~ t~%*3 in the Curie-Weiss
regime.

B. 3D antiferromagnetic case

Figure 8(a) shows the temperature dependence of the
Griineisen parameter I' at the AFM QCP (z =2) in d =
3. As t decreases, I' increases and diverges at the ground
state, which is mainly contributed from I'y,. For t < 1, the
thermal-expansion coefficient is evaluated as a ~ oy, ~ t!/?
in Eq. (101) and the specific heat is evaluated as Cy =~ C, ~
t(const. — ¢'/2) in Eq. (52). Then T is evaluated as

12

'~Ty~

const. — t1/2’ (109)
for t < 1. This is numerically confirmed in Fig. 8(b), where
F(t)(% — t1/2) (thick solid line) behaves as ~¢~!/2 (dashed
line) for low ¢. The behavior of Eq. (109) is in accord
with the RG theory [17], which appears at sufficiently low
temperatures for ¢ < 10~ as shown in Fig. 8(b).

As for the Curie-Weiss regime [see Fig. 1(b)], the least-
square fit of 1/I'(¢) in the form of at” in the Curie-Weiss
regime for 0.07 < ¢ < 0.20 gives y = 0.43. Hence, ['(¢) be-
haves as I'(¢) ~ +~%*3 in the Curie-Weiss regime.

C. 2D ferromagnetic case

Figure 9(a) shows the temperature dependence of the
Griineisen parameter I' at the FM QCP (z =3) in d = 2.
As t decreases, I' increases and diverges at the ground
state, which is mainly contributed from I'y,. For ¢ < 1, the
thermal-expansion coefficient is evaluated as ¢ &~ o, ~ —Int
in Eq. (102) and the specific heat is evaluated as Cy =~ C, ~
t?/3 in Eq. (56). Then, T" is evaluated as

I ~Tp~—t"nt, (110)

for t « 1. This is numerically confirmed in Fig. 9(b), where
I'(¢)/(—1Int) (thick solid line) behaves as ~t~2/3 (dashed
line) for low t. The behavior of Eq. (110) is in accord
with the RG theory [17], which appears at sufficiently low
temperatures for t < 1074, as shown in Fig. 9(b).

As for the Curie-Weiss regime [see Fig. 1(c)], the least-
square fit of 1/I°(¢) in the form of ar” in the Curie-Weiss
regime for 0.07 < ¢t < 0.20 gives y = 0.50. Hence, I'(¢) be-
haves as I'(¢) ~ t~%° in the Curie-Weiss regime.

D. 2D antiferromagnetic case

Figure 10(a) shows the temperature dependence of the
Griineisen parameter I at the AFM QCP (z =2) in d = 2.

300 A T T T T T :\\V T TTTTT T T TTTIT T TTTTI T T TTTT :
3d AFM (a) ET () 1
10°L 3
200 Eal E
— a2
o 10 |
100} 1= F r(n-/"2) E
r 10" ro(12-1")
I E
T, C
— P — PR | e . 100 L L LU L1 LI L L LI L Ll
0 0.05 0.1 0.15 0.2 107 10 1073 102 10!
t t

FIG. 8. (a) Temperature dependence of the Griineisen parameter I" (thick solid line), I, (thin solid line), and I'y, (dash-dotted line) at the
3D AFM QCP. (b) Temperature dependence of I'(3 — 7'/2) (thick solid line) and I'y(3 — ¢'/?) (dash-dotted line). The dashed line represents
the least-square fit of I'(3 — ¢'/?) with ar ="/ for 107> <t < 107
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FIG. 9. (a) Temperature dependence of the Griineisen parameter I" (thick solid line), I, (thin solid line), and I', (dash-dotted line) at the
2D FM QCP. (b) Temperature dependence of F/ (— In7) (thick solid line) and I'y,/(— In7) (dash-dotted line). The dashed line represents the

least-square fit of I'/(— In¢) with at=%/3 for 10™° < ¢ < 1074,

As t decreases, I' increases and diverges at the ground state,
which is mainly contributed from I'y,. For t < 1, the thermal-
expansion coefficient is evaluated in Eq. (104), whose precise
formis o ~ oy, ~ —% The specific heat is evaluated as
InT
Cy = C, ~ —tInt in Eq. (60). Then, I is evaluated as

1 In(—In¢)
Ly~ ————~, (111)
tint In (——t)
fort « 1. This is confirmed in Fig. 10(b), where I'(¢)t(—Int)

(thick solid line) behaves as ~ in(( In?) (dashed line) for low

t. The behavior of Eq. (111) agrees W1th the critical part shown
by the RG theory [17] except for In (— n—t) in the denominator,
which arises from the prefactor (dy/d P)r in oy, as discussed
in Sec. VID [36] .

As for the Curie-Weiss regime [see Fig. 1(d)], the least-
square fit of 1/I'(¢) in the form of at” in the Curie-Weiss
regime for 0.07 < t < 0.20 gives y = 0.41. Hence, I'(¢) be-
haves as I'(¢) ~ +~%*! in the Curie-Weiss regime.

The temperature dependence of I" for + < 1 at the QCP for
each class is summarized in Table II.

VIIL. NUMERICAL RESULTS ON GRUNEISEN
PARAMETER I NEAR THE MAGNETIC QCP

In this section we discuss the Griineisen parameter near
the QCP for each class on the basis of the SCR theory.
We calculate I'(7) in the paramagnetic phase by solving the
SCR equation (33) ford + z > 4 and Eq. (34) ford +z =4
in the paramagnetic region (yo > 0) and also in the region
where the magnetic order takes place (yy < 0). The input
parameters other than yy are the same as those in Sec. VIIL.
The results are shown in Figs. 11(a)-11(d) [see corresponding
Figs. 1(a)-1(d), respectively].

At the QCP specified by yo = 0, I'(t) shows the diver-
gence for t — 0 in each class. As getting away from the QCP
in the paramagnetic region, I'(t) for + — 0 becomes finite,
whose value decreases as y, increases from 0, as shown in
Figs. 11(a)-11(d).

On the other hand, as yy decreases from 0, the magnetic
order occurs at finite temperature t = ¢, = T,/ T for 3D FM
[Fig. 11(a)] and 3D AFM [Fig. 11(b)]. In the high-t regime
for t 2 0.7, T'(¢) shows the Curie-Weiss behavior in each
class as mentioned above. As ¢ decreases, I'(¢) increases and
turns to decrease, which finally converges into a finite value

2d AFM (a) | (b)
10k I't(-Int) ]
200} 1 Iyt (-In7)
—~ £
< gl S
100} 1= = \
Lot .
b T u
T, 6_'_ o
S S N — sl " sl sl " sl
0 0.05 0.1 0.15 0.2 107 104 1073 1072 107!

t

FIG. 10. (a) Temperature dependence of the Griineisen parameter I (thick solid line), I, (thin solid line), and I', (dash-dotted line) at the

2D AFM QCP. (b) Temperature dependence of I't(—

least-square fit of ['t(— In ¢) with —q D& 1‘”)

Y- for 1072 < r < 1074,

Int) (thick solid line) and I'yz(— In ) (dash-dotted line). The dashed line represents the
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FIG. 11. Scaled temperature dependence of the Griineisen parameter for (a) 3D FM, (b) 3D AFM, (c) 2D FM, and (d) 2D AFM.

L(1) = Ta(t = 1) = — £ (§58),_, = 10.0 for t — rc. This
is because Cj, — 0 is realized for y — 0 as ¢ approaches 7.

from the high-¢ side, making o} Cb(t“ — 0 in Eq. (70).
Then, by Eq. (106), it turns out that the ‘Griineisen parameter
at 7. is expressed as I'(t) — [,(¢) for t — fcy.

For 2D FM and 2D AFM, the magnetic order occurs only at
t = t. = 0. The Griineisen parameters for yp < 0 in this case
also show T'(1) — Ta(t) = — 3 (5i2),_ = 10.0 for t — 04,
as seen in Figs. 11(c) and ll(d) respectlvely.

IX. DISCUSSION

A. Divergence of the Griineisen parameter
and the characteristic energy scale at the QCP

In the SCR theory, the characteristic temperature of spin
fluctuation Ty is not zero even at the QCP in general, as will
be illustrated in Fig. 12. In Sec. VII it was shown that the
Griineisen parameter I" diverges at the magnetic QCP for each
class (z = 3,2 ind = 3, 2). The origin of the divergence can
be traced back to the entropy of the SCR theory. The entropy
S is expressed as the scaled form in Eq. (39) with a variable
u defined by Eq. (31). The volume dependence arises from y
in the numerator and 7y in the denominator of Eq. (31), which
lead to the first and second terms in Eq. (65), respectively.
The former gives rise to the divergence of I" for t — 0 at the
QCP and the latter gives the V derivative of the characteristic
temperature Ty [see Eq. (65) or (105)]. The present study has
clarified that the inverse susceptibility (renormalized by the
mode-mode coupling of spin fluctuations) coupled to V gives
rise to the divergence of I" in addition to the ordinary contri-

bution from the V derivative of the characteristic temperature
of the system.

The temperature dependence of the dominant term of the
thermal-expansion coefficient « and I' for + < 1 coincides
with the critical part shown by the RG theory [17] except
for the temperature dependent (;—y) ineand I' forz =2 in
d = 2 (see Secs. VID and VIID). In Ref. [17], the Griineisen
parameter defined by I' = «/Cp was analyzed and the
relation I' ~ 775 was derived by assuming the hyperscaling
relation, which is generally justified only below the upper
critical dimension (d + z < 4) within the ®* theory [see
Eq. (11)]. Here v is the exponent for the correlation length
&~ |r|7" with r = (P — P.)/P.. The results in Sec. VII
are obtained above (d 4 z > 4) and just at the upper critical
dimension (d 4+ z = 4). For comparison, let us reexpress the
specific heat Cy, «, and I in terms of d and z for each class
in the following subsections.

1. 3D ferromagnetic case (d =3,z = 3)
For t « 1, the specific heat [Eq. (49)] is expressed
as Cy =~ C, ~ —+%1nt. The thermal expansion coefficient

o [Eq. (100)] is expressed as o =~ ap ~ t#. Then, the
Griineisen parameter [Eq. (108)] is expressed as
~ 2 Le (112)
Cy Int’

2. 3D antiferromagnetic case (d = 3,z = 2)
For t <« 1, the specific heat [Eq. (52)] is expressed
as Cy = C, ~ T (const 1t ~1). The thermal expansion
coefficient « [Eq. (101)] is expressed as o ~ o, ~ 1 . Then,
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T

FIG. 12. Schematic temperature-pressure phase diagram of Ce-
based heavy-electron systems (right-pointing P axis) and Yb-based
heavy-electron systems (left-pointing P axis) in d = 3. The Kondo
temperature Tk and the characteristic temperature of spin fluctuation
Tp are given by the solid lines (left axis). Note that vertical scales for
Tk and Tj can be different in general. Depending on the parameters
in each material, it is possible that Ty(P) gets close to Tx (P) (see
text). The magnetic transition temperature 7, (solid line, left axis)
is suppressed to O at the QCP denoted by P.. The dashed line gives
y = 1/[2T4 x¢(0, 0)] (right axis) for P > P.. Note that in d = 2 for
z = 2 the dashed line starts to appear from P, with a vanishing slope
( = 0 (see Sec. VID). Note that it is possible that a crossing
of TK(P) and 7.(P) occurs depending on the material parameters. If
the system has XY or Heisenberg symmetry, no magnetic transition
occurs for finite 7 ind = 2.

the Griineisen parameter [Eq. (109)] is expressed as

d-2
o t =

= - (113)
Cy thl(const. —t?]_l)
3. 2D ferromagnetic case (d =2,z = 3)

Fort « 1, the specific heat [Eq. (56)] is expressed as Cy &

C, ~ t%. The thermal expansion coefficient « [Eq. (102)] is
expressed as & =~ o, ~ — Int. Then, the Griineisen parameter
[Eq. (110)] is expressed as

(114)

4. 2D antiferromagnetic case (d =2,z = 2)

For # « 1, the specific heat [Eq. (60)] is expressed
as Cy ~C, ~ —t%Int. The thermal expansion coeffi-
cient o« [Eq. (104)] is expressed precisely as o &

ap ~ —1In(—1In¢)/In (—
[Eqg. (111)] is expressed as
_a  fIn(=In1)
Cy Inthn(—¢L)

In Eqgs. (112), (114), and (115), I" has the ¢ dependence
as t~2/% with logarithmic corrections. In Eq. (113), if the first

-). Then, the Griineisen parameter

(115)

term of the denominator is neglected, I has the ¢ dependence

ast %, which is also expressed as #~2/%. Since the dynamical
magnetic susceptibility with the quadratic momentum depen-
dence in Eq. (21) yields v = 1/2 in the SCR theory, as a result,
all these ¢ dependence can be expressed as £ except for the
logarithmic corrections.

B. Comparison with the Moriya-Usami theory

Moriya and Usami discussed the magnetovolume effect in
nearly ferromagnetic metals [15] on the basis of the volume
strain oy, = 37 expressed as

on(T) — wn(Te) <y, (116)

for T > T, where T is the ferromagnetic-transition temper-
ature. The volume strain in nearly antiferromagnetic metals
was also discussed on the basis of Eq. (116) where T is the
Néel temperature [13]. Since the thermal-expansion coeffi-

cient v is obtained by o = d;’T’“ according to its deﬁnition in
Eq. (1), Eq. (116) indicates that « is proportional to = dT ,l.e.,

oo L

It ﬁmould be noted here that Eq. (116) was not shown to
be derived from the free energy [13,15,28]. In this paper, we
have derived the thermal-expansion coefficient « starting from
the free energy (or equivalently from the entropy) in the SCR
theory with the use of the stationary condition adequately,
which results in Eq. (68). Then we have obtained o = oy, ~

%(%)T for t < 1 at the QCP, as shown in Sec. VI. Hence,
let us compare our result with the Moriya-Usami theory at
T. =0.

Ford + z > 4, the tem[a)erature dependence of y and C, is
the same for r <« 1, and ( ~ const. for t — 0, as shown

in Secs. VI A, VIB, and VIC. Hence, it turns out that %(g—f, )T

has the same temperature dependence as % fort < 1.
For d 4z =4, the temperature dependence of y ~

—W and Cy, ~ tIn(—Inr) for t <« 1 are different. How-

ever, (g—;',)T has the temperature dependence as (%)T
—[n(—;£)17" for  « 1, as shown in Sec. VID. Hence,
C"( %), is expressed as ~ —Int=In0 This still looks different

In ( nr )
dy . _In(=Int)
from ﬁ =4, - However, at low temperatures = ( )

can be approximated as N—W, which was conﬁrmed

numerically as shown in Fig. 6(b). Thus, it can be regarded

that in practice (

g; ~ ln(lnﬁ as far as the leading term is concerned.

Hence, as a consequence our result in Eq. (68) and
Moriya-Usami’s o o d— give the same (practically the same)
t dependence of « for r < 1 ford 4+ z > 4(d + z = 4). This
can be seen immediately by comparing g (o' d— in Table I
with «(¢) in Table II for each class. Note that behav1or in
Table II appears at sufﬁc1ent1y low temperatures as shown in
Figs. 3-6, and hence o o ﬁ does not hold at temperatures
except for t < 1.

) has the same temperature dependence
as

C. Comparison with experiments

The thermal-expansion coefficient is generally expressed
as

o = ®e + Oph + Umag, (117
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where o, and oy, are contributions from itinerant electrons
and acoustic phonons, respectively. At low temperatures, o,
behaves as a, = aT, as shown by the free-electron model, and
apy is given by oy = BT3[37].InEq. (117), Omag arises from
spin fluctuations, which become profound near the continuous
magnetic-transition point, as discussed in Sec. V (note that
Qmag Was denoted as « in Sec. V).
The Griineisen parameter is generally expressed as

F:Fe+rph+rmaga (118)

where I'; is defined by Eq. (107) with i = e, ph, and mag,
corresponding to each term in Eq. (117). For sufficiently lower
temperatures than the Fermi temperature, I'. is given as a
constant [37]. In heavy electron systems, the characteristic
temperature of the quasiparticles is the effective Fermi tem-
perature, which is referred to as the Kondo temperature Tk in
the lattice system. Then, the characteristic temperature 7* in
Eq. (8) is set to be Tk, which leads to [29,38,39]

V [9Tk
Fe=——|( =) .
T\ oV J

To grasp the main property, let us take the view from the
strong limit of on-site Coulomb repulsion of f electrons. By

(119)

inputting Tx = De " to Eq. (119), where D and N g are
the half-band width and the density of states at the Fermi
level of conduction electrons per “spin,” respectively, and J is
the effective Kondo exchange coupling (J > 0) in the lattice
system [40,41], we obtain for N.pJ < 1

1 [V (aJ
—(=) +ct.
NwJ{J<aV)S }

where c is a constant of O(1) (e.g., ¢ = 2/3 for free conduc-
tion electrons in d = 3). In heavy electron systems, (J Nep)™!
typically has a magnitude of O(10). Thus we see that the
factor (NgJ )~ gives rise to the enhancement of |I"|, which
is often observed in the heavy electron metals with about
10-100 times larger values than those of ordinary metals
[29,39,42,43].

When the system approaches the continuous magnetic-
transition point by varying parameters, e.g., by applying
pressure or magnetic field, or chemical doping, I'y,e arising
from spin fluctuations becomes predominant in Eq. (118),
as discussed in Sec. VII (note that I'y,e was denoted as I’
in Sec. VII). In the following subsections, let us discuss the
pressure tuning to the magnetic QCP in the Ce- and Yb-based
heavy electron systems.

e~ —

(120)

1. Pressure effects on Ce-based systems

In the Ce-based heavy electron systems, by applying pres-
sure, the hybridization between f and conduction electrons
| Vsl increases and the f level ¢ increases in general. Hence,

the Kondo coupling J ~ Ve

eF—ef

increases, giving rise to in-

crease in the Kondo temperature Tx. This yields ( %) s < 0,

which leads to I > 0 in Eq. (120) [44].

Namely, the system becomes more itinerant under pres-
sure, which makes the characteristic temperature of spin
fluctuation 7 increase. Direct evaluation of Ty in Eq. (25)
gives Ty = Avggp/(m>n?/?) in d = 3, where vg is the Fermi

velocity and # is the filling defined by n = év—;/ Here gg is

given by gg = ¢p for z =3 and gg = Q for z =2, and A is
a dimensionless constant defined by the ¢ coefficient around
the ordered vector Q in the irreducible susceptibility at = 0
(e.g., A= é for the free electron model [7]). Since vg ~ Tk
holds, applying pressure induces an increase in v reflecting
the pressure-induced expansion of the effective bandwidth of
the quasiparticles. This effect contributes to increase in T
under pressure, i.e., (gl;) > 0.

Indeed, in Ce;Nis, it was observed that 7j increases as
pressure increases [48]. Moreover, smooth variation of Tj
and Tx observed under pressure is also understandable, since
To(P) can get close to Tx(P) according to the parameters
of A and n. The plot of Ty(P) as well as Tx (P) determined
from the measurements of the specific heat and resistivity in

Ce;Nij3 under pressure [48] enables us to estimate TLK(%%) =

4.0 GPa~!, which is comparable to TLO(Z—T;’) [39]. The bulk

modulus is observed as k. ! = 24.6 GPa at room temperature.
The Griineisen parameter is estimated to be I" &~ 100 [39].

Figure 12 with the right-pointing P axis illustrates the
T-P phase diagram of the Ce-based heavy electron systems.
As P increases, the magnetic transition temperature 7, is
suppressed to be absolute zero at the QCP denoted by P.. At
P = P, the magnetic susceptibility xq(0, 0) diverges with
y =0 [see Eq. (21)]. Since y increases as P increases from
P, as shown by the dashed line, (%)T:O > 0 holds. [For the
AFM QCP (z =2) in d =2, y starts to appear with zero
slope (%)Eo =0 at P, as discussed in Sec. VID.] Then,
from Eq. (70) and the resultant Eq. (68), the positive thermal
expansion coefficient appears oyag > 0 for P > P. at low
temperatures.

This is understandable from the P dependence of the en-
tropy S. When the QCP is approached from the paramagnetic
side for P > P., S/T ~ Cy /T (see Table I) increases toward
P, at the infinitesimal temperature. This gives (%)T < 0 for
P > P, leading to amag > 0 by Eq. (5) and hence 'y, > 0.

On the other hand, when P further decreases from P, the
continuous transition to the magnetically ordered phase makes
S/ T decrease continuously for P < P, at the infinitesimal
T. This gives (%)T >0 for P < P, leading t0 o/pae <0
by Eq. (5) and hence 'y, < 0. Namely, the sign change of
Omag and I'pye Occurs at P as a consequence of the entropy
accumulation near the QCP [17,18]. It is noted that the sign
change of o, was shown in Refs. [3,49] and the sign change
of I'mag as well was discussed in Ref. [18].

2. Pressure effects on Yb-based systems

On the other hand, in the Yb-based heavy electron sys-
tems, the electronic state with 4 f'3 configuration for Yb**
is understood on the basis of the hole picture. Hence, the
f-hole level ¢ decreases as pressure increases in the Yb-
based systems. In case this effect outweighs iricrease in the
f-c hybridization, the Kondo coupling J ~ SFV_f;/ decreases,
giving rise to decrease in the Kondo temperature Tx under
pressure. This yields (%)S > (0, which leads to ', <O in
Eq. (120) and hence the negative volume expansion o, < 0

in Eq. (117).
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Namely, pressure induces the system where f electrons
becomes more localized. When Tk decreases under pressure,
decrease in the f-hole level is more effective than increase
in the f-c hybridization, which makes vr decrease. This
effect contributes to the decrease in 7y under pressure, i.e.,
(%) < 0. This yields negative thermal-expansion coefficient
and Griineisen parameter «, < 0 in Eq. (69) and ', < 0 in
Eq. (107).

Figure 12 with the left-pointing P axis illustrates the
T-P phase diagram of the Yb-based heavy electron systems,
where by applying pressure to the paramagnetic metal phase,
the magnetic transition occurs at 7; starting from the QCP
denoted by P.. As P approaches P., the magnetic suscepti-
bility xo(0, 0) oc y~! increases and diverges at P for T = 0.
Hence, (%)T < 0 holds for P < P, as shown by the dashed
line. Thus, from Eq. (70), o, < 0 appears, which results in the
negative thermal expansion coefficient o, < 0 and hence
Imag < 0 for P < P at low temperatures.

On the other hand, when P further increases from P, the
continuous transition to the magnetically ordered phase makes
S/T decrease continuously for P > P, at the infinitesimal
T. This gives (%)T < 0 for P > P, leading to apmye > 0 by
Eq. (5) and hence I'yy; > 0. Namely, sign change of oy, and
Imag occurs at Pe due to the entropy accumulation near the
QCP.

D. Observation of « and I' near the magnetic QCP

To detect the thermal expansion coefficient « and the
Griineisen parameter I' near the QCP, experimental efforts
have been devoted [16,51-53]. So far, a few data have been
reported to exhibit the quantum criticality shown in Tables I
and II in the stoichiometric compounds. To access the QCP,
chemical doping has often been performed for high accuracy
measurement of o at ambient pressure. However, the chemical
doping more or less brings about effects of disorder, which
sometimes masks true critical behaviors expected in clean
systems. In this subsection, keeping this aspect in mind, ex-
perimental data to be compared with the criticality in Tables I
and II are discussed.

In CeNi,Gey, the specific heat Caz/T ~ yo — acT"/? and
resistivity p ~ T" (1.2 < n, < 1.5) are observed in the low
T region at ambient pressure, suggesting close proximity to
the 3D AFM QCP (see Table I) [19]. The measured thermal
expansion coefficient o« = aaﬁ + b, T is in accordance with
Omag ~ T'/? in Eq. (101) and o ~ T in Eq. (117). The
Griineisen parameter I' ~ 57 at T = 5 K is already enhanced
reflecting the contribution from I'y, in Eq. (106) and the
heavy-electron background as noted around Eq. (120). Further
enhancement of I" for lowering 7T is observed as I' ~ 98 & 10
at T =~ 0.1 K, which suggests the contribution from I'y, as
shown in Eq. (109) (see Fig. 8).

As for the sign change of the thermal expansion coefficient,
Qmag < 0 in the AFM phase for x < x. and oy,e > 0 in the
paramagnetic phase for x > x. were observed in Celnz_,Sn,
with x, = 0.67 £ 0.03 [20] and in CeRhIns_,Sn, with x. =
0.48 [21].

Since the systematic study of To(P) and Tx (P) has already
been performed in Ce;Nijz [39,48], the measurements of «(7")
and I'(T') at the QCP specified by P, = 0.39 GPa and their

analyses based on Egs. (68) and (106) are an interesting
subject for future studies.

Furthermore, experimental observation of the quantum
criticality shown in Tables I and I for each class is also greatly
desired. Near the FM QCP, (%)T can be directly observed
by measuring the pressure dependence of the uniform suscep-
tibility since xo(0,0)~! oc y holds. Near the AFM QCP, by
measuring the pressure dependence of the NMR relaxation
rate (T;T)~" or resistivity p(7) at low temperatures, (g—f,)T
can be extracted [3,25]. Observation of Ty(P) as well as
Tx(P) and evaluation of Tio(";—T,;’)T as done in Ce7Ni; and
(g—'l‘;)T enables us to make the complete analysis of «(7) and
I'(T) at the QCP on the basis of Eqgs. (68) and (106). Such
measurements are much to be desired.

X. SUMMARY

The properties of the thermal-expansion coefficient o and
the Griineisen parameter I" near the magnetic QCP in itinerant
electron systems have been discussed on the basis of the SCR
theory in this paper.

By taking into account the zero point as well as thermal
spin fluctuation, we have calculated the specific heat Cy at the
magnetic QCP by considering the stationary condition of the
SCR theory correctly. For each class of the FM QCP (z = 3)
and AFM QCP (z =2)ind = 3 and 2, Cy was shown to be
expressed as Cy = C, — Cp, where C, is dominant for ¢ < 1.
The criticality of C, reproduces the results obtained by the
past SCR theory, which was endorsed by the RG theory.

Then we have derived the thermal-expansion coefficient
« starting from the expression of the entropy in the SCR
theory, which has been proven to be equivalent to o derived
from the expression of the free energy in the SCR theory. The
result shows that « is expressed as o = a, + o With o, =

%% %)T and o, = %% g—';,)T where «, is dominant for
t < 1. An important result is that e, contains the temperature-
dependent (3—% );» Which contributes to the crossover from the
quantum-critical to Curie-Weiss regimes for each universality
class and even affects the critical behavior for + < 1 in the
case of upper critical dimension, i.e.,z =2 ind = 2.

On the basis of these correctly calculated Cy and o, we
have derived the Griineisen parameter I'. The results show
that I' is expressed as ' = ', + I'y, where I'; and I', contain
o, and oy, respectively. For ¢t <« 1, I’y is given by T, =
—Tl(%)r which has an enhanced value of typically O(10)
in the heavy electron systems. A remarkable result is that for
t K1, Ty is expressed as I'y, = —%%(%)T, which diverges
at the QCP for each universality class. This result shows that
the inverse susceptibility (renormalized by the mode-mode
coupling of spin fluctuations) coupled to V gives rise to
the divergence of the Griineisen parameter even though the
characteristic energy scale Tj remains finite at the QCP.

The obtained results give the complete expressions of «
and I', which consist of not only the critical part but also non-
critical part with their coefficients as well as the temperature
dependencies. The temperature dependencies of «, and I'y, for
t <« 1 coincide with the critical parts shown by the RG theory
for each universality class except for the case z =2 ind =2,
where the temperature dependent (g—'lvj ), affects the criticality.
The complete expressions of o and I' clarify their whole
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temperature dependencies from the quantum-critical regime
to the Curie-Weiss regime, and are useful for comparison with
experiments. The temperature dependence of « coincides with
the Moriya-Usami theory for ¢ < 1 where o o Z—'f holds for
d + z > 4 and approximately holds for d 4+ z = 4.

Our study has made it possible to evaluate the temperature
dependence of the Griineisen parameter in the Curie-Weiss
regime. The results are I'(T) ~ T~ for the d =3 FM
and AFM QCPs, I'(T) ~ T~ for the d = 2 FM QCP, and
I(T) ~ T for the d =2 AFM QCP. These results are
also useful for comparison with experiments.

In the heavy electron systems, the Griineisen parameter in
the Fermi-liquid regime is shown to be enhanced by a factor
of (JNg)~! > 1, where J is the Kondo coupling and N is
the density of states of conduction electrons at the Fermi level.
When the QCP is approached, further enhancement caused by
spin fluctuation is added to the heavy-electron background,
and I" eventually diverges at the QCP.

The characteristic temperature of spin fluctuation is shown
to be proportional to the Kondo temperature in the lattice
system Ty o< Tx. At sufficiently low temperatures, o > 0 and
I' > 0 appear in the paramagnetic phase for P > P., while
o < 0andI' < 0 appear in the magnetically ordered phase for
P < P, in the Ce-based heavy electron systems. On the other
hand, « < 0 and I < 0 appear in the paramagnetic phase for
P < P, while ¢ > 0 and T" > 0 appear in the magnetically
ordered phase for P > P in the Yb-based heavy electron
systems.
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APPENDIX A: GRUNEISEN PARAMETER IN FERMI
LIQUID AT LOW TEMPERATURES

In this Appendix it is shown that the Griineisen parameter
for free electrons in the isotropic three-dimensional system is
easily derived from the specific heat at low temperatures.

At low temperatures, the specific heat at a constant volume
is given by

7 T
Cy = Nkp— —

T (A1)

T
= Nkg el
where T* is defined as T* = %TF. Then, the entropy S is
given by

rc T
Szf VAT = Nkg—. (A2)
o T

T*

Note that the Fermi temperature Tf is expressed as Tp = i—;

. . Rk
with the Fermi energy ep = =+, where m and kg are mass

2m
. 1/3
of an electron and the Fermi wave number kg = (3712% ,

respectively. Then, by differentiating Eq. (A2) with respect to
the volume V under a constant entropy S, we obtain

aT*\ _ 2T*
v )y 3V’

(A3)

Hence, by Eq. (10), the Griineisen parameter I" is obtained as

r=2 (A4)

which reproduces the result of the free-electron model [37].

APPENDIX B: QUANTUM CRITICALITY INd =3

In this Appendix it is explained that the quantum criticality
at the QCP in d = 3 is given by Eq. (38) by analyzing the
solution of the SCR equation [Eq. (33)] at low temperatures
[26]. The x integral on the r.h.s. of Eq. (33) is defined by
Eq. (82) as

L= /xc dxxd+z_3{lnu L w(u)}, (B1)
0 21/[

where d is the spatial dimension and z is the dynamical
exponent. By changing the integral variable as x’ = x/ t%,
Eq. (B1) is expressed as

X

I — td+::—2 /,l dx/(x/)d+z—3{lnu _ i _ w(u)}’ (B2)
2u

0

where u is given by

"= (x’)”{lz + (x’)z}. (B3)
£z
We see that at low temperatures ¢ < 1 for
2o, (B4)

fz

the x’ integral in d = 3 converges in Eq. (B2) where the upper
bound of the integral is set to be co. Hence, the ¢ dependence
of L is evaluated as

Loct™. (B5)
Then, from the SCR equation [Eq. (33)], the following solu-
tion

yoct s (B6)

is immediately obtained at the QCP where yy = 0.0 is set in
Eq. (33). It is confirmed that this result satisfies the condition

of Eq. (B4), i.e., y/t: < 1, fort < 1.

APPENDIX C: SOLUTION OF SCR EQUATION
FORz=3ind =2

The derivation of the solution of the SCR equation
[Eq. (33)] for z = 3 in d = 2 is shown in this Appendix [10].
By using the approximation formula

1 1
i — = — () ) (C1)

in Eq. (B1), the x integration can be performed and the leading
terms are evaluated as

t 1/t\*?
L~—-In|—|[- , (C2)
4 y\6
for y <« 123 « 1. Then, the solution of the SCR equation
[Eq. (33)] y = yo + y1 L at the QCP with y, = 0.0 is obtained
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as follows:

Y1
= ——tInt. C3
y D (C3)
Since the correlation length £ is given by y oc £72, this
coincides with the result of the RG theory for z =3 ind =2
in Ref. [8].

APPENDIX D: EQUIVALENCE OF SCR SOLUTION AND
RENORMALIZATION GROUPFOR z =21INd =2

In this Appendix it is shown that the solution of the SCR
equation [Eq. (34)] for z =2 in d =2 coincides with the
result of the RG theory by Millis [8].

By using the approximation formula Eq. (C1) in the SCR
equation [Eq. (34)], the x integration can be performed as

Vi t xcz—i-y xf—i—y—i—é
=yo+ =\ ylny+ =1In —In .
Y=o 2()’ y 2[ 3 y+%

(D)
J

At the QCP with yy = 0.0, the leading terms are evaluated as

t t
—In2y ~ —In—, D2
n2y 2y n2y (D2)
for y < t < 1. Then, one finds that
- In(—Int) D3)
T

is the solution of Eq. (D2) up to the order of Inz, which
coincides with the result of the RG theory for z =2 ind = 2
in Ref. [8].

APPENDIX E: DERIVATION OF EQ. (72)

In this Appendix the derivation of Eq. (72) is explained.

By differentiating the free energy in the SCR theory
[Eq. (22)] with respect to V under a constant temperature, we
obtain

OF 1 . ) r aT 1 [
(_) 2_2/ doo| - 1 <_‘1> [9+T1n(1—e—r)]——<—n> (@7 )err
ov ), T w o or \w?+12) | \ov ), |2 2Ne\BV /),

mo—1n  6vs 5 (0{¢ )er amo
+[ + (<,0)err]< >T+{<8V

2Nk N aV

L e )[i(i)} }< 2) +3(aﬁ> ()
2N o=\ 5y, 2N ) |, @7 et IACTY T‘P eff*

(EL)

Since the second term of Eq. (71) is expressed as (01'y/dy)7(dy/0V )r, by substituting

ad ad
av )., av

d(Agp)
>T+y[ av ]T (E2)

into the second term of Eq. (E1), the first and second terms of Eq. (E1) are expressed as

1 8T0 1 (23 8 Fq 8Fq @ . , ay
“\av ) It12 do| —| 55— ) |24 T —e )| =T (oY
To<8V>T +{7T Xq:/o w|:81"q <w2+r‘q2):|r(ay >T|:2+ n(l —e )] aleSerr (| 53 .

(Ag> 1
—y|: ( qB)} (@ )eft,

vV |, 2Ne

(E3)

where [ is defined by Eq. (73) and the definition of 7,4 [Eq. (27)] has been used. Here we note that the {-- -} part vanishes

because of the stationary condition (3 F/dy)7 = 0 applied to

7).~

aVv

oF
) (_> . (E4)
r\9y /)t

This implies that the coefficient multiplied to (9y/dV )7 in the calculation of (3 F /3 V )7 vanishes, which is nothing but the {- - - }
part in Eq. (E3). This can also be directly confirmed by noting the fact that the term in the second line of Eq. (E3) equals to

(0 Fer/0y)r, which is expressed as

1

3Feff> ) T 2
= Agqg—~ = Ta{Q" Veft- (ES)
< y Jr B2 Zq:Zn—i—qu—l—Cquﬂ ¢

Here F.i was defined by Eq. (15) and the definition of (0% et [Eq. (17)] has been used to derive the last result. Then, the last
term inside of {- - - } in Eq. (E3) is subtracted from Eq. (E5), which results in zero.
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On the first term in the second line of Eq. (E1), the [- - -] part multiplied to (3(¢?)err/dV )7 vanishes because of the SCR
equation [Eq. (16)].
On the second term in the second line of Eq. (E1), the {- - - } part is expressed as

o) 1 O (] [ (m )T ] 1
(%), 23 + o= low (o)), = [av )], 7o G =) G), o550 o @0

Then, it turns out that the contribution from the last term is canceled by the last term of Eq. (E3).
Eventually, the remaining terms are the first term of Eq. (E3), the contributions from the first and second terms on the r.h.s.
of Eq. (E6), and the last term of Eq. (E1), which result in Eq. (72).

APPENDIX F: DERIVATION OF THE LAST THREE TERMS IN EQ. (83)

In this Appendix the last three terms in Eq. (83) are derived from the last three terms in Eq. (79).
The last three terms in Eq. (79) are calculated by using the SCR equation [Eq. (16)], as follows:

9 9 3 N T:[ 9
oT LoV \Aqz/ 1, v ot/ 6uy To v AqB
d No 8TA 2 7 3)1 2 2 8TA
—— (S -y )(52) @er|| =(=) @D =) F2
8T[<Aq§ y)(BV )T(w )ff_ ) (8t> TO(<P)ff v ), (F2)
d [ 3 /dv 1 a0 T, 1 [/ov
YR |:ﬁ <8_‘j) (‘Pz)gﬁ‘ = < 8y> _A<‘P2)eff_ <_4) . (F3)
T dly t)y To vy \ OV T

These are the last three terms in Eq. (83), respectively.

APPENDIX G: DERIVATION OF EQ. (86)

The derivation of Eq. (86) is shown in this Appendix.
The pressure dependence of C; and C, appears via the characteristic temperature 7p, as seen in Egs. (28) and (29),
respectively. Hence, differentiation of C| and C, with respect to the pressure P under a constant temperature gives

dC 2 (9T, w;
_1 —_ _O / dxxd+Z*3 5 cTy , (Gl)
oP ), To\ 9P ) Jo Wi, +x%
aC 4 (9T, wop, X
(), - (), [
P T oP (wcz:To +x2z)
respectively.
Near the QCP, the second term in {- - - } of Eq. (80) can be expanded around y = 0 as
Xe 2 X¢ 2 Xe 2 2
f P B / dxxd+i3 Yer, 2/ dox x5 Dep X YA (G3)
0 Wi +ur o WGy, + X% 0 (w2r, + X2Z)2

By substituting Eqgs. (G1) and (G2) into the first and second terms on the r.h.s. of Eq. (G3), respectively, we obtain

T e 2 1|/aC aC
910 f dxxd+z—32w;T D N ad 2 4. (G4)
TO P 0 wor +u? 2\ 0P 9P
for small y, which holds near the QCP. This gives Eq. (86).

APPENDIX H: DERIVATION OF EQ. (87)

The derivation of Eq. (87) is explained in this Appendix.
By substituting Eq. (85) and Eq. (86) into the third term and the fourth term in {- - - } in the first line of Eq. (84), respectively,
the terms with {- - - } in the first line of Eq. (84) are expressed as

1 8y 8T0 ~ Nd 8TO 8C1 8C2
V(a) [“(ap) Cb*ﬂ‘(ap) - Cm”(ap) ‘(ﬁ)rm
1 /0T, d 0C, d
* [%(Tpl(z B C”lz) B <a—P>T”ﬂLH’ b

where the SCR equation (33), which is written as y = yo + (d/2)y; L using the definition of L [Eq. (82)], is substituted into y
on the r.h.s. of Egs. (85) and (86).
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Then, one realizes that the first line except for the C}, term inside the outermost [- - - ] in Eq. (H1) can be expressed in the form

as

A
N=
V1

50

> , (H2)
T

as far as the terms with the pressure derivative of 7y, Cy, and C; in Eq. (88) are concerned. Similarly, one realizes that the second
line inside the outermost [- - - ] in Eq. (H1) can be expressed in the form as

a
N_
V1

> L, (H3)
T

as far as the terms with the pressure derivative of Ty, Cy, and C; in Eq. (89) are concerned.

As for the last two terms in Eq. (84), it turns out that the terms other than noted above in Egs. (88) and (89) complement the
remaining terms in (dyo/0 P)r in Eq. (H2) and (dy;/d P)7 in Eq. (H3), respectively, as follows:

The term with [8(1o/Agg)/d P]r in Eq. (84) can be expressed in the form as Eq. (H2), as far as the term with the pressure

derivative of 1o/ (Aqﬁ) in Eq. (88) is concerned.

On the term with (074/9 P)r in Eq. (84), by substituting Egs. (26) and (30) into the expression of (%) et [Eqg. (18)] and using

the SCR equation [Eq. (33)], we obtain

2, (0T, 1 (0T,
— P o) = —Nd—( 2
To P ), Ta\ 0P

On the last term in Eq. (84), we similarly obtain
Ty

2 1 81)4 Nd 1 81)4
2 — (55 ) =5 —
T() V4 P T 2 V4 P

d
> |:C1 — C2y0 + (2 — C2y1 §>Li| (H4)
T
d
) |:C1 — Cayo + (2 - C2Y1§>L]- (HS)
T

Hence, the last two terms in Eq. (84) can be expressed in the form as the summation of Eqs. (H2) and (H3), as far as the terms
with the pressure derivative of T4 and v4 in Eqgs. (88) and (89), respectively, are concerned.

Thus, the summation of all these terms noted above lead to the summation of Eqgs. (H2) and (H3), which is nothing but the
last two terms of Eq. (87). Since the first term with C, and the third term with Cy, in Eq. (84) directly appear in Eq. (87) as the
first and second terms, respectively, by combining the result of the last two terms of Eq. (87) derived above, we obtain Eq. (87).
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