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Nuclear spin-lattice relaxation time in UCoGe
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The NMR measurements performed on a single orthorhombic crystal of superconducting ferromagnet UCoGe
[Y. Ihara et al., Phys. Rev. Lett. 105, 206403 (2010)] demonstrate strongly anisotropic magnetic properties
of this material. The presented calculations allow one to establish the dependence of longitudinal spin-lattice
relaxation rate from temperature and magnetic field. The value (1/7,T) in field perpendicular to spontaneous
magnetization directed along the ¢ axis has a maximum in the vicinity of Curie temperature, whereas it does
not reveal similar behavior in a field parallel to the direction of spontaneous magnetization. Also there was
shown that the longitudinal spin-lattice relaxation rate is strongly field dependent when the field directed in the
b-crystallographic direction but field independent if magnetic field is oriented along the a axis.

DOL: 10.1103/PhysRevB.104.125143

I. INTRODUCTION

The wuranium ferromagnetic superconductors UGe;,
URhGe, and UCoGe discovered more than a decade ago
still continue to attract the attention of the condensed
matter community. The superconducting properties of these
materials originate from the unusual pairing mechanism
induced by magnetic fluctuations (see the recent experimental
[1] and theoretical [2] reviews, and references therein).

Commonly these compounds are considered as itinerant
f-electron metals meaning that the magnetism is determined
by the band electrons according to the Stoner mechanism.
Indeed, the numerical calculations show that the contribution
of f electrons to the bands intersecting the Fermi level is
significant. However, the x-ray magnetic circular dichroism
measurements [3] and band structure calculations [4] point to
the local nature of the ferromagnetism in UCoGe. Namely,
a comparison of the total uranium moment MY, to the total
magnetization M;, at different magnitude and direction of
magnetic field indicates that the magnetic moment of cobalt
ions and itinerant electrons put together an insignificant part of
the total magnetic moment, hence the uranium ions dominate
the magnetism of UCoGe. The same is true also in the related
compounds URhGe [5] and UGe; [6].

In all these compounds the magnetic moment per atom at
zero temperature M is smaller than the magnetic moment per
atom Mcw determined from Curie-Weiss law in paramagnetic
state. According to the Wohlfarth criteria the degree of itiner-
acy increases with increasing the difference Mcy — M. In the
present compounds the difference Mcy — M, characterizes
the degree of itineracy of f electrons, but not an itinerant
character of the ferromagnetic state. In the band language the
local nature of magnetism means that the magnetic moment
is furnished by electrons in spin-up and spin-down states
with different orbital momentum projection filling the cel-
lar below Fermi level [4,7,8]. In the real space these states
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looks like the f-type Wannier states. The same is true in the
case of d electrons in transient metals [9,10]. This type of
magnetism is different from the Heisenberg ferromagnetism
of isolated magnetic moments of magnetic ions formed by
the electron states split by the crystal field as well as from
the pure Stoner-Hubbard magnetism of itinerant electrons. A
microscopic description of such type of magnetic state is not
developed.

The nuclear magnetic resonance (NMR) is one of the
main tools for study of the magnetic properties of metals in
normal and superconducting states. The direction-dependent
Co NMR measurements [11] of the Knight shift and nu-
clear spin-lattice relaxation time provide knowledge of static
and dynamic susceptibility components in this orthorhombic
metal. The relaxation rate in UCoGe in the field perpendicular
to the easy magnetization axis along the c-crystallographic
direction strongly surpasses the relaxation rate in the field
parallel to it. Moreover, it was demonstrated that in the vicin-
ity of the ferromagnetic transition the spin-lattice relaxation
rate in the magnetic field along the easy magnetization is
hardly deviates from Korringa -type behavior, while in the
other field directions there is strong enhancement of relax-
ation (see Fig. 1). The NMR and *°Co nuclear quadrupole
resonance studies on the YCoGe compound free of uranium
f electrons shows that the d electron of Co atoms plays no
role in ferromagnetism of UCoGe originating from the U-5f
electrons [11,12].

Here we present calculations allowing one to establish the
peculiar dependence of the longitudinal spin-lattice relaxation
rate from temperature and magnetic field. The paper is or-
ganized as follows. As was explained above, the magnetism
of UCoGe cannot be described in the frame of a model of
pure itinerant metallic state. Nevertheless we find it pertinent
to begin with a reminder of the spin-lattice relaxation rate
derived by Moriya and Ueda [13,14] in the isotropic itinerant
ferromagnets. It is expressed through the static susceptibility
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FIG. 1. Nuclear spin-lattice relaxation rate (1/77) measured in
three different field directions [11]. The results of *°Co NQR on
YCoGe, a reference compound without f electrons, are also dis-
played. The figure is reproduced from Ref. [11].

along the external field. Thus, it is independent from field
direction, which is evidently inapplicable to NMR in UCoGe.

Then, to interpret NMR observations one needs to know
the wave-vector—frequency-dependent magnetic susceptibil-
ity tensor in the orthorhombic UCoGe compound that is
currently not available. However, the wave-vector depen-
dence of static susceptibility components has been established
from phenomenological consideration [2]. One can obtain the
frequency dependence of susceptibility by a simple general-
ization of the corresponding static expression. This allows us
to calculate the NMR longitudinal relaxation rate 1/7; and
establish its temperature and field dependence.

II. NUCLEAR MAGNETIC RESONANCE
RELAXATION RATE

A. 1/T; in isotropic itinerant ferromagnets

Before a discussion of the anisotropic NMR properties of
UCoGe it is pertinent to first remind one of the theoretical
results obtained by Moriya and Ueda [13,14] in the appli-
cation to the isotropic itinerant ferromagnets. In this case
the nuclear spin-lattice relaxation rate measured in a field H
along the spontaneous magnetization chosen as z direction is
determined by a correlation function of field fluctuations in the
direction perpendicular to the external field. The latter accord-
ing to the fluctuation-dissipation theorem is expressed through
the imaginary part of susceptibility x/_(k, w) of electron gas

in the direction perpendicular to the external field

xl_(k @)
( ) wﬁof(z A== O

The calculations have been done in [13] and yield

1 XZ(T)v
<T1—T>Z X { M*Z.

where x.(T) is the temperature-dependent static susceptibility
in the field direction and M = M(T) is the magnetization in
ferromagnetic state. Thus, the summation of perpendicular
susceptibility over reciprocal space gives rise to the longitu-
dinal susceptibility. The origin of this result is that x;_(k, ®)
is determined through the spin-up spin-down band splitting
expressed through the static longitudinal susceptibility in
paramagnetic state and through the M~2 in ferromagnetic
state. One can find a modification of this result in finite ex-
ternal magnetic field in [15], where in particular it is shown
that

paramagnetic state
ferromagnetic state,

(@)

1
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as it should be in the presence of the strong band splitting.

Another important point essential for the results Eq. (2) is
that x7_(k, ®) o w/kvr both in the noninteracting and the
interacting Fermi gas such that the integration over reciprocal
space in Eq. (1) is in fact two-dimensional.

B. 1/T, in UCoGe

In the orthorhombic metal the nuclear spin-lattice relax-
ation rate 1/7; measured in a field along the / direction is
expressed in terms of the imaginary part of the dynamic sus-
ceptibility along the m and n directions, perpendicular to /,
Ko n (K, @) as

1 m 12 Xm (K, w) a2 X (K, )
(77), = Sl P22 T2

At low temperatures the relaxation rate (1/7,T ) for H parallel
to the c-crystallographic direction is more than an order of
magnitude smaller than those measured in the other two field
directions parallel to the a and b axes [11] (see Fig. 1). So, one
can use the expressions

( > ZiA 2Xc (k w, Hb) )
1 k, ., H,
() =D

neglecting the terms originating from the imaginary part of
susceptibilities x, and x; .

The static susceptibilities in uranium ferromagnets are de-
rived in [2]. Along the c axis it is

1
[xe(HDI™" + 2y5kik;”

xe(k) = N

where x.(H;) = 3ML is the homogeneous static susceptibility
along the ¢ axis at fixed value of magnetic field H; along
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the [ = a, b direction. The simplest generalization for the
dynamic case obeying the Kramers-Kronig relation

"
J(k,w
xe(k) = / rele ),
w
is the following:
1

Xc(kv Cl)) = iw _ ’ (8)
— 1 4 [x(HD]™" + 2p5kik;

where x/(k, w) = Imy.(k, w), and A is a constant. Thus, to
estimate the sum over momenta we can work with

x.(k, o, H) A
w w? + A{[x(H)]™" + 2Vijkikj}2

The field dependence of x.(H;) can be determined as fol-
lows [2]. The Landau expansion of the free energy near the
Curie temperature in the presence of magnetic field is

F = aM? + BM? + a,M? + apM;
+ BaeMIM] + BrcM;M; — HM, (10)

©))

where

. =ao(T —Tc0), a,>0, «a,>0. (11)

In a constant magnetic field perpendicular to the spontaneous
magnetization H = H,b the equilibrium magnetization pro-
jection along the b direction
H,
My~ —bz
2(atp + BpecM?)

is obtained by minimization of free energy (10) with respect
to M,. Substituting this expression back to (10) we obtain
1 H?
4 o + ﬂthcz ’

12)

F =aM? + B.M! — (13)

that gives after expansion of the denominator in the last term,
2

Hb - 2 % 4
F=—"Y4aM*+BM +..., (14)
40[b
where
O~lc = acO(T TLO) + ﬁbc (15)
4 a;
ﬁbc ﬂbc
B.=p. — == . (16)
o 4ab

Thus, in a magnetic field H = Hyb perpendicular to the di-
rection of spontaneous magnetization the Curie temperature
decreases as

/3bcl'1b2

T.(Hy) = T,0 — .
(Hp) 0 4olag

a7

The corresponding formula for a field parallel to the a axis is

BacH;

To = TlHo) =T = 45t
a

(18)

The coefficient o, > «;, which is the a direction, is much
harder magnetically than the b direction. Hence, the Curie
temperature is practically independent from magnetic field in

the a direction T.(H,) &~ T. The susceptibility along the ¢
axis,
1
— T <T.(Hp)
4%0( cO*f:L:Ii 7T) ‘
1

——
206(0(7' Teo+ Poe b)

40100

Xc(Hp) = 19)

T > T.(Hp),

increases with magnetic field along the b axis but keeps the
constant value in magnetic field parallel to the a axis,

1
— L T <Ty,
Xc(Hy) = {4“"0”1"0‘“ T (20)
Pao(T—Te)’ = Leo-

Now, let us make the integration in Egs. (5) and (6). For
simplicity one can calculate the converging integral in the
spherical approximation

(L) O(/47rk2dk A
nT ), Q) 02 4 A2{[x (H)] ™ + 2y k)
\/5 VXC(HI) 1

" 32mAy (H_%)l/‘l cos (4 arctan 220’
@n
We see that
! VIHy),  xe(Hy) < 5
(22)

—_— X
T\ (H,)T \/Z

as a function of temperature reaches a maximum in the vicin-
ity of Curie temperature. The same is true for relaxation rate
7y in the field parallel to the @ axis.

The magnetic field along the b axis shifts the maximum
of relaxation rate to the lower temperature; the field along
the a axis does not. This effect is clearly demonstrated by
the measurements in high enough fields reported in [16]. The
deviation of the maximum of from the maximum of

T
T (H 57 in a weak field H = 2T in Fig. 1 probably originates
from a slight misalignment of field orientation as pointed out
in [17].

The similar calculation of spin-lattice relaxation in the
field parallel to the c¢ axis W is expressed through the
magnetic susceptibilities along the a and b crystallographic di-
rections. Both of them are much smaller than the susceptibility
in the ¢ direction and neither of them change in tempera—
ture interval near the Curie temperature. Hence, T(H 57 in
the vicinity of critical temperature is practically temperature
independent.

III. CONCLUSION

We have demonstrated that in contrast with the isotropic
weak ferromagnets the longitudinal spin-lattice relaxation rate
in UCoGe is expressed through the static susceptibility in the
perpendicular to magnetic field direction. The value (1/77T)
in the field perpendicular to spontaneous magnetization has
maximum in the vicinity of Curie temperature, whereas it does
not reveal similar behavior in the field parallel to the direction
of spontaneous magnetization. These results are in qualitative
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correspondence with the experimental data presented in Fig. 1
[11].

Also there was shown that the longitudinal spin-lattice
relaxation rate is strongly field dependent when the field
is directed in the b-crystallographic direction but field in-
dependent if magnetic field is oriented along the a axis,
which also is in accordance with experimental observations
[16].

The presented calculations have been done using isotropic
wave vector dispersion of susceptibilities. The real dispersion
laws can be quite different and the simple relationship be-
tween the relaxation rate and the susceptibility will be lost.
However, the field-temperature dependence of 1/7; will qual-
itatively remain.

Another observation which possibly can be useful for the
future theoretical efforts is that the calculations were per-
formed taking the kinetic coefficient A = const. However,
taking A ~ kv, where v is a constant with dimensionality
of velocity, the integration over reciprocal space becomes
two-dimensional and we come to == o x.(T, Hp). A theo-
retical description of wave- Vector—tlrequency dependence of
magnetic susceptibility of actinide intermetallics is still not at
hand.
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