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Valence state of chromium ions in the half-metallic ferromagnet CrO, probed by >*Cr NMR
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We have performed *Cr NMR measurements on a high-purity polycrystalline sample to investigate the
static and dynamic properties of a half-metallic ferromagnet CrO,. Two **Cr NMR lines, corresponding to
magnetically nonequivalent Cr nuclei, were observed in the ferromagnetic phase of CrO, despite all of the
Cr ions being situated on the crystallographic equivalent sites. We measured the temperature dependences of
the >*Cr spin-lattice relaxation rate (7})~! in the ferromagnetic phase for the temperature range T = 4.2-360 K.
It was found that in the range of low temperatures (7" < 60 K) the relaxation of nuclear magnetic moments is
determined mainly by the orbital contribution proportional to the temperature, conditioned by the fluctuation
of the orbital currents of d-band electrons. At temperatures 7 > 60 K, the main mechanism leading to the
nuclear spin-lattice relaxation is a three-magnon process of scattering at which the relaxation of the nuclear
spin is accompanied by the absorption of a magnon and the creation of two magnons. Based on the analysis
of temperature dependences of (7;)~! for two nonequivalent Cr ions, we found that their valence state is the
same and corresponds to valence Cr*t, whereas the difference of resonance frequencies for these ion nuclei is

conditioned by the different magnetic local fields in their location.

DOI: 10.1103/PhysRevB.106.094428

L. INTRODUCTION

Chromium dioxide CrO, belongs to a special class of
highly spin-polarized half-metallic ferromagnets in which the
density of states at the Fermi level, N(Eg), is finite for the
majority-spin state and close to zero for the minority-spin
direction [1-4], producing conduction-band electron spin po-
larization (P) near 100% [5-7]. These properties make CrO,
a very attractive candidate for future spintronic devices.

Cr0,(3d?), a ferromagnet with the Curie temperature T =
395 K, has a rutile structure (space group P4, /mnm = Dy,
witha =4.421 A, ¢ =2.916 A (c/a = 0.65958) [8]. The Cr
atoms form a body-centered-tetragonal lattice, and they are
surrounded by slightly distorted oxygen octahedra. The octa-
hedra surrounding Cr at the body’s center and corner positions
differ by 90° rotation about the ¢ axis. The CrO, crystal
structure is shown in Fig. 1. Solid gray lines show the elemen-
tary crystal cell. Colored planes denote the equatorial planes.
Dashed lines show the oxygen octahedra surrounding each of
the Cr atoms, consisting of four O atoms in the equatorial
plane and two apical atoms. Magnetic moments of chromium
ions lie in the equatorial planes of CrOg octahedra and di-
rected along the crystal ¢ axis. x, y, and z are the local axes of
CrOg octahedra; X, Y, and Z are the principal axes of the 3Cr
hyperfine coupling tensor; and Y is the quantization axis. Oc-
tahedral surrounding of chromium ions leads to the splitting
of 3d orbitals into a t, triplet and an excited e, doublet. The e,
states with only two valence 3d electrons are irrelevant, and
only the £, orbitals are occupied. The tetragonal symmetry
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distorts the octahedra, which lifts the degeneracy of the #,,
orbitals into a d,, ground state and d,., excited states [2,3].
A double exchange mechanism for two electrons per Cr site
has been proposed in [9]. According to this, one #,, electron
occupies the narrow majority d,, band, whereas broad dy. .,
bands are partially occupied, resulting in the localized char-
acter of the d,, electron and the itinerant character of d .
Furthermore, the strong contribution of oxygen p states at the
Fermi surface explains why CrO; is a metal and not a Mott
insulator [3]. It was also shown that CrO, belongs to the class
of compounds with a negative charge-transfer gap leading to
self-doping [3].

Band calculations [1] showed that the magnetic moment
in CrO, correlates very accurately with the atomic value
wo = 2up for the Cr** ion. The same value of the magnetic
moment aligned along the crystal c-axis was found in the
neutron diffraction study in Ref. [10]. Based on >>Cr NMR
measurements, Shim et al. proposed that there are two Cr sites
with different spontaneous moments in spite of one crystal-
lographic Cr site [11]. They concluded that two Cr ions in
different noninteger valence states appear in CrO;, and they
can be written as Cr*¥(x = 1 /3), where the macroscopic
valence and magnetic moments remain unchanged as Cr*"
and 2up per formula unit, respectively.

Recently, their conclusion was confirmed by the investi-
gation of the temperature-dependent valence and spin states
of Cr ions in CrO; nanorod powder by x-ray magnetic
circular dichroism (XMCD) and soft-x-ray absorption spec-
troscopy (XAS) methods [12]. In the opinion of the authors,
they received direct experimental evidence for the Cr3+-Cr*+
mixed-valent states in bulk CrO, (Cr>%+), demonstrating that
the half-metallic ferromagnetism in CrO, originates from the
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FIG. 1. CrO, crystal structure. Solid gray lines show the ele-
mentary crystal cell. Colored planes denote the equatorial planes.
Dashed lines show the oxygen octahedra surrounding each Cr atom,
consisting of four O atoms in the equatorial plane and two apical
atoms. Magnetic moments of chromium ions lie in the equatorial
planes of CrOg octahedra and directed along the crystal ¢ axis. x,
v, z are the local axes of CrOg octahedra; X, Y, Z are the principal
axes of the >*Cr hyperfine coupling tensor.

double-exchange interaction. On the other hand, the analysis
of the hyperfine field performed in the NMR investigation
[13] showed the presence of two Cr sites with different or-
bital occupancies, suggesting that a local orbital order takes
place upon breaking the local symmetry in the rutile structure.
This may be ascribed to the negative charge transfer between
chromium and oxygen ions. Takeda et al. found that the two
Cr sites do not have different valence states, but the 3d orbital
occupation numbers are different from each other.

In this study, we performed 3Cr NMR measurements on
a polycrystalline sample of CrO; in the ferromagnetic phase,
and we observed two sets of >>Cr spectra corresponding to
chromium at the crystallographic equivalent sites Cr(A) and
Cr(B). The analysis of the temperature dependences of the
spin-lattice relaxation rates of chromium nuclear moments
in the temperature range 7 = 4.2-360 K showed that the
chromium ions in the Cr(A) and Cr(B) sites have the same
valence state Cr*+.

II. EXPERIMENTAL DETAILS

The high-purity CrO, sample used in this study was pre-
pared by decomposing CrO; in O, with gas pressures up to
40 MPa, which were maintained throughout the decomposi-
tion process of CrO; to prevent the formation of any other
phases of chromium oxides. The process of synthesis, and the
structural and magnetic properties of the investigated sample
CrO,, were described in detail in Ref. [14]. The lattice pa-
rameters of CrO, were a = 4.4176 A and ¢ = 2.9144 A. The
SEM data showed that the samples were rod-shaped particles
with a length of 3-7 um. X-ray diffraction measurements

have shown no diffraction peaks of the other chromium oxides
in the compound [14].

The **Cr (I = 3/2) NMR measurements were performed
with the Bruker pulse spectrometer AVANCE III at zero ex-
ternal magnetic field within the temperature range from 4.2
to 365 K. The NMR 3Cr spectra were obtained by the stan-
dard spin-echo pulse sequence Tp—tge—Tp—tdei—€cho with 1, <
1.5 us and tgq = 50 ws. The temperature-dependent mea-
surements were carried out using a flow cryostat (Oxford
Instruments, UK) with a constant cooling gas flow (N, or
He for temperatures 7 < 80 K). In all the experiments, the
measurement and stabilization of the sample temperature
(AT /T < 0.05) were performed by the temperature con-
troller ITC 5 (Oxford Instruments, UK). When recording
broad spectra, the width of which exceeds the frequency band
excited by the rf pulse, the summation procedure was applied
to the array of signals accumulated within the required fre-
quency range with steps of Av = 150 kHz. Measurements
of the spin-lattice relaxation time 77 were performed by
the inversion recovery method using the pulse sequence
2Tp—tiny—Tp—tdel—Tp—tael—€cho with t4e) = 50 s in the interval
tiny from 0.017; to 107, [15,16].

III. RESULTS AND DISCUSSION

Figure 2(a) shows >Cr NMR spectra of polycrystalline
CrO, at temperatures 7 = 4.2 and 293 K in zero magnetic
field. 3Cr NMR spectra consist of two narrow lines Cr(A) and
Cr(B) at 26.3 and 37.1 MHz (T = 4.2 K) with a full width at
half-maximum (FWHM) of 0.20 and 0.30 MHz, respectively.
The positions of the line peaks coincide with the previous
NMR results [11,13,17], but the FWHM is two to three times
less. This speaks to the very good quality of our CrO, samples.
The integral intensities of >>Cr NMR lines on Cr(A) and Cr(B)
sites at T = 4.2 K are approximately equal; the difference be-
tween the peaks of lines is 10.76 MHz. Both 3Cr NMR lines
are slightly asymmetrical. The Cr(A) line has the asymmetry
to the side of higher frequencies, while the Cr(B) line has
the asymmetry to the lower frequencies. At the increase of
temperature up to room temperature, both >*Cr NMR lines
become narrower and move to the side of fewer frequencies
due to the decrease of sample magnetization M (T ). The dif-
ference between them decreases to 10.48 MHz. The relative
intensities of the lines almost do not change, though the
Cr(B) line narrows with the increase of temperature more than
the line Cr(A). As a result, the relationship of the Cr(A)
and Cr(B) line amplitudes at the temperature transition from
T = 4.2 to 293 K reverses. The NMR linewidth is determined
by two factors: dynamic and static. The dynamic factor de-
termines the so-called uniform linewidth. It is related to the
lifetime of the nuclear spin at a particular energy level. In this
case, the linewidth is proportional to the spin-spin and spin-
lattice relaxation rates 1/7; and 1/7;. This broadening factor
is typical for liquids and gases. As for solids, the main factor
in NMR line broadening is practically always the static factor
due to static inhomogeneities of the internal magnetic field
(inhomogeneous broadening). In solid CrO,, we deal exclu-
sively with inhomogeneous line broadening. The distribution
of magnetic moments of Cr ions in the sample is inho-
mogeneous, which leads to broadening. As the temperature
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FIG. 2. (a) 3Cr NMR spectra at temperatures 7 = 4.2 and
293 K. Two lines in the NMR 3Cr spectrum correspond to the
chromium nuclei in positions Cr(A) and Cr(B). (b) **Cr NMR spec-
tra, measured at the different power of spectrometer radiofrequency
transmitter.

increases, the static inhomogeneities of the field inside the
sample are averaged due to motion. Therefore, as the temper-
ature increases, the NMR 3Cr lines become narrower.

The narrowness of the NMR Cr(A) and Cr(B) lines in the
CrO, powder is due to the fact that in the zero external mag-
netic field, in all the microcrystals the local magnetic field,
produced by the magnetic moments of Cr ions, is directed in
the same way with respect to the crystal lattice axes (namely
along the ¢ axis). This direction of the local magnetic field is
a quantization axis of nuclear magnetic moments. The appli-
cation of an external magnetic field of magnitude H > 0.4 T
leads to the rotation of the magnetic moments of chromium
ions in all microcrystallites along the direction of the external
magnetic field [13]. In the case of the powder, the direction
of the internal local field will be distributed inside the solid
angle 360° relative to crystal lattice axes. This will lead to a
multiple broadening of the NMR spectrum. In other words,

in this case we will move from the “single-crystal mode”
to the “polycrystal mode.” In this work, we studied nuclear
spin-lattice relaxation. We needed to make the NMR lines as
narrow as possible. Therefore, we carried out all experiments
in a zero external magnetic field.

In previous works [11,13,17], it was definitely proved that
both Cr(A) and Cr(B) lines correspond to the chromium that
is located inside the magnetic domains and not in the domain
walls. As for the signal from Cr in the domain walls, it is
not observed, probably due to the small relative volume of
these walls in crystallites and/or the short time of nuclear
spin-spin relaxation 7,. We have evaluated the enhancement
factor as 1 = 30 in our measurements of NMR **Cr spec-
tra in the following way. As we know, the intensity of the
radiofrequency field H; necessary to rotate the nuclear mag-
netization by 90° is expressed as H; = #,r/,’ where y, is
the nuclear gyromagnetic ratio and t, is the duration of the
90° pulse [15]. On the other hand, the transmitter power P
required to generate the field H; in the coil with the sample is
determined by the following expression: P & %le, where
Vo is the resonance frequency, V is the internal volume of
the coil, and Q is the circuit quality factor [15]. Combining
the above two expressions, we obtain an expression for the

. ~ 200V
transmitter power at the 90° pulse: P ~ 376IQ‘)}/(;2r]§' In the pres-

ence of amplification effects, power P* = P/n? is sufficient
for the 90° rotation of nuclear magnetization. Thus, we may
determine n = /P/P* by measuring the transmitter power at
the 90° pulse with (P*) and without (P) amplification effects
at constant values vg, V, O, v, and 7,. We used 25Mg NMR
in MgB, at the external field Hy = 9.28 T to determine the
power P. These resonance nuclei have been chosen because
the resonant frequency vy = 24.3 MHz in the field Hy =
9.28 T is close to the resonant frequency of 3Cr [Cr(A) site
at T = 77 K] vy = 25.5 MHz in the local field [Fig. 2(b)].
Besides, the value 2°¥, /2w = 0.260 MHz/kOe is very close
to 33¥, /2m = 0.240 MHz/kOe. As a result, we have obtained

that P =300 W, P* = 0.3 W,and n = Pﬂ* ~ 30. This value
of n =30 is a typical enhancement factor for domains of
ferromagnets, and it is too small compared with n = 10°~10*
in domain walls [18].

Figure 2(b) shows the normalized NMR Cr(A) and Cr(B)
lines, recorded with the fixed impulse time T, but at different
power levels of a radiofrequency transmitter. As can be seen
from Fig. 2(b), the position and shape of the NMR Cr(A) line
almost do not change depending on the power of the trans-
mitter (only the intensity changed; the signal at 9.5 mW in 10
times smaller than at 300 mW). As for the NMR Cr(B) line, it
changes shape and shifts to lower frequencies with decreasing
pulse power. As we mentioned above, the Cr(B) line has the
asymmetry to the side of lower frequencies. Apparently, the
chromium nuclei corresponding to this low-frequency part of
the spectrum Cr(B) have a larger enhancement factor than
the main signal of position Cr(B). In this case, a low trans-
mitter power (9.5 mW) leads to stronger suppression of the
main line compared to the low-frequency part of the spectrum
Cr(B). Conversely, high transmitter power suppresses the low-
frequency pedestal of the Cr(B) line. All this leads to the
picture that is observed in Fig. 2(b). Namely, as the transmitter
power decreases, the NMR Cr(B) line will broaden and shift
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FIG. 3. The dependencies of resonance frequencies of chromium
nuclei in positions Cr(A) and Cr(B) on the temperature.
Solid lines show the result of data approximation by func-
tions v,(T) = v,(T = 0)(1—aT?*?) (at T < 300K) and v,(T) =
V(T = O)k(Te—T)? (at T > 300 K). The measurement error did not
exceed the symbol size.

to the low-frequency region. This effect is less noticeable in
the Cr(A) line, since its asymmetry is less pronounced than
in the Cr(B) line. We cannot unambiguously determine the
nature of the asymmetry of the Cr(A) and Cr(B) lines. It might
be associated with the presence of a small signal from the
domain walls. However, taking into account estimates of the
anisotropy of local magnetic fields H, , by Takeda et al. [13],
this may be the case only if the magnetic moments in the
domain wall rotate in the plane xy of CrOg octahedra. Such
an asymmetry may also be due to of the lattice distortions and
the surface effects.

In the general case for >>Cr with spin / = 3/2 and the elec-
trical quadrupole moment e>*Q = 0.150 x 107>* cm?, one
should observe 2/ = 3 lines: one corresponding to the cen-
tral transition (m; = —1/2 < 1/2) and two so-called satellite
lines (m; = =3/2 <> —-1/2, 1/2 <> 3/2). However, distinctly
separated lines as, e.g., in [19,20] are not observed in 3Cr
NMR spectra in CrO,. It is possible that the quadrupole split-
ting is hidden in the spectrum width [21].

Resonance frequencies of Cr(A) and Cr(B) lines are de-
termined by the inner magnetic field H,,, which is the sum
of the hyperfine field Hy¢, the classical dipole field Hp, the
demagnetization field Hqe, and the Lorentz field Hy . Each of
them is proportional to the magnetic moment of the chromium
ion [18]: H, = Hys + Hp + Hyemn + H, = A,M. Therefore,
the temperature dependence of the NMR Cr(A) and Cr(B) line
frequency is completely defined by the T-dependence of the
magnetic moment of the chromium ion.

Figure 3 shows the dependences of resonance frequencies
of chromium ions in positions Cr(A) and Cr(B) versus T.
In the temperature range 7" < 300 K, the data are in good
agreement with the Bloch law [22]:
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FIG. 4. (a) Recovery of 33Cr nuclear magnetizations My (r)
shown in a semilog scale of the quantity 3*m(t) = [Mz(c0) —
Mz (t)]/Mz(oc0) vs the time interval #,, after applying an inversion
rf pulse at 7 =240 K (open circles) and 7 = 32 K (closed cir-
cles). (b) Temperature dependencies of spin-lattice relaxation rates
of chromium nuclei in positions Cr(A) and Cr(B). The data were
approximated by a function 1/7; = AT + BT". Inset: temperature
dependence of the relationship of times of relaxation. The measure-
ment error did not exceed the symbol size.

but they deviate significantly from it in the range of higher
temperatures. At 7 > 300 K, the dependencies were ap-
proximated by the expression % = k(Tc—T)?, which
describes the critical behavior of magnetization near the Curie
temperature T¢. Here k is the proportionality factor, and 8 is
the critical index. The best agreement with the experimental
data has been obtained at the following approximation param-
eters: k = 0.34, Tc =390 K, g = 0.18.

We measured the spin-lattice relaxation rate 7, 1’1 for Cr(A)
and Cr(B) as a function of temperature. The recovery of 3Cr
nuclear magnetizations >3M(¢) shown in a semilog scale
of the quantity >*m(t) = [Mz(c0) — Mz(t)]/Mz(c0) versus
the time interval #,, after applying an inversion rf pulse at
T =240 K (open circles) and T = 32 K (closed circles) is
displayed in Fig. 4(a). The results are summarized in Fig. 4(b),
plotted as (7;)~' versus temperature. In the low-temperature
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range T < T¢/6, (T;)~!(T) demonstrates a Korringa-like lin-
ear temperature dependence 7. At higher temperatures, T >
Tc /4, the relaxation rate increases more rapidly than the linear
T relation, suggesting that the relaxation mechanisms, involv-
ing spin-wave excitations (magnons), become important in
this range.

In the general case, the nuclear spin-lattice relaxation in
ferromagnetic transition metals is determined by several con-
tributions:

mes N cp d’p
Tl orb Tl [0} Tl m

Let us consider each term in (2) separately:

1 16 2
(F) :nthﬁ(%) T (O (U0,

i
X Ny (Ep)Ngy (EF) 3)

is the contact or Korringa contribution [23,24]. Here kg is
the Boltzmann constant, y;, is the gyromagnetic ratio of the
nucleus, up is the Bohr magneton, ( )r4(,) is the average over
the Fermi surface for the up (down) spin s electrons, and
Nsr(y)(EF) is the density of states per atom for the up (down)
spin s electrons at the Fermi energy. The next term,

1
<7) = 4y, kgT Nay (Er)Nay (Er )gA2, @)
1 cp

comes from relaxation induced by core polarization, where
Acp is the hyperfine core polarization coupling constant, and
q is the coefficient depending on the degeneration degree of
the orbital d-states [25,26]. The third term in (2) represents
the relaxation due to the dipolar interaction of nuclei with the
conduction electrons, and it can be expressed in the following
way [27]:

1
(7) = whkpy? upT (1/r*) - Ny (Ep )N (ER)F(C). (5)
dip

Here (1/r%)y is the average of the d-electron radii over
the Fermi surface, and F(C) is a function of C parameter.
This parameter is defined as follows: 3C +2D = 5. C and
D represent the degree of admixture of #,, atomic functions
(belonging to the cubic group I's) and e, (cubic group I'3),
respectively, in the Bloch wave functions at the Fermi surface.

As was mentioned above, CrO, is a half-metal with almost
100% degree of polarization of conduction electrons [5-7]. In
the given substance, there is a gap in the density of state at the
Fermi energy for the down-spin electrons, so Ny (Er) = 0. In
the above three relaxation processes, the electron spin flips to
flip the nuclear spin. However, the flip is not allowed from
the 100% electron spin polarization. Hence it appears that all
three of the above contributions (Til)s, (Ti])cp, and (Tll)dip in
CrO, are equal to zero.

The fourth term in (2) is the so-called orbital contribution,
conditioned by the fluctuation of the orbital currents of d-band
electrons. In the orbital relaxation processes, the electrons are
scattered by nuclear spins without changing their own spins.

Therefore, the electrons with up and down spins make inde-
pendent additive contributions to the nuclear spin relaxation
rate [24,27]:

1
(Tl) = hkpy, uzT (1/r )i {[Nar (ER)T + [Nay (Ep))}
orb

x (16/5)[1 — (C — 1)1, (©6)

where C is the same parameter that occurs in the expression
(5). It can have values from 0 to 5/3. Since in CrO, the wave
functions at the Fermi surface have only #,,(I's) character
[eg(I'3) states are above Fermi energy [3]], D =0 and C =
5/3. And then, in the CrO, case, the expression (6) will look
like this:

(i) = (16/9)m likpy,; 5T (1/7°) 5 INay (Ep)P. - (D)
T / ono
Since in the transition metals the density of states of 3d
electrons at the Fermi surface is usually rather large, the
orbital contribution to them can also be rather significant.
The quadrupole contribution (Ti])Q to the relaxation is

conditioned by the interaction of nuclear spins with the fluctu-
ations of electric field gradient induced by the electric charges
that surround the nucleus. It can be presented in the form
of two terms that describe lattice vibrations (phonon contri-
bution) and conduction electrons (electron contribution). The
first one is effective in the ion crystals and can be neglected in
metals. The second contribution is proportional to the squares
of the quadrupole moment of nuclear Q, the electric field
gradient eq, and the density of states [28]:

(TLI)Q o (24Q) ks T {[Nar ()P + [Nay (Ep)P). (8)

In the transition metals, this contribution is two orders of
magnitude less than the orbital [24,28], which is why it can be
neglected.

The last term in (2) describes the processes of spin-lattice
relaxation, conditioned by inelastic scattering of spin waves
(magnons) on nuclei, conducted by a nuclear spin flip. The
theory of these processes in magnetic materials is described
in detail in the work of Beeman and Pincus [29]. In this work,
we consider briefly the magnon relaxation mechanisms with
respect to the chromium dioxide.

The direct process in which a single magnon is created
or absorbed while the nuclear spin is flipped is not allowed
because of energy conservation; the change of energy due
to the nuclear spin flip is much smaller than the minimum
energy of the ferromagnetic spin wave gugH,. Particularly
in our experiments, where the crystalline anisotropy field is
Hp ~ 4 kOe [13], the minimum magnon frequency v, =
®min/2m = 11.2 GHz is three orders of magnitude larger
than the NMR frequency. Therefore, the first process to be
considered is the Raman relaxation process.

The essence of the two-magnon Raman mechanism is that
in the relaxation process, the nuclear spin flip is conducted
by the annihilation of a magnon with energy /iw; and the
creation of a magnon with energy hwy . At that, the equality
howy — hoyr = honvr, Which ensures that the energy conser-
vation is fulfilled. References [29-31] showed that the Raman
process can make a contribution to the nuclear relaxation
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only in two cases: if the tensor of the hyperfine interaction
in the X, Y, and Z coordinate axes is anisotropic and contains
nonzero nondiagonal members, and if the quantization axes
of nuclear and electron spins do not coincide. In this case,
1/T7 « (sin?0)T?In(T) [28], where 0 is the angle between
the quantization axes of nuclear and electron spins. In the
case of CrO,, the spin-dipole hyperfine interaction of nuclear
chromium spins with d-electrons makes the tensor of the full
hyperfine interaction anisotropic. However, the orientation of
d-orbitals of chromium ions in CrO, is such that the nondi-
agonal members of this tensor are equal to zero in the X,
Y, and Z coordinate axes [3,4,32]. As for the mismatch of
quantization axes of electron and nuclear spins, it can occur
in the presence of quadrupole interaction when the main axis
of the electric field gradient tensor does not coincide with the
direction of the magnetic hyperfine field. In the case when the
quadrupole interaction is much less than the hyperfine one,
i.e., when the resonance frequency of the observed line is
determined mainly by the local magnetic field, v, = ynhloc,
sinf ~ :—Q, where the quadrupole frequency vy o e’qQ
describes the value of the quadrupole interaction and deter-
mines the distance between satellite resonance lines in the
quadrupole split NMR spectrum. Since the separate satellite
lines in the NMR spectra are not observed (which means that
they are inside the main observed lines), vy can be evalu-
ated as not exceeding 0.5 MHz. Therefore, the contribution
of the two-magnon process to the spin-lattice relaxation of
chromium nuclei in CrO, will be absent.

The above-mentioned restrictions do not occur at the three-
magnon relaxation process. In this process, the relaxation
of the nuclear spin is accompanied by the absorption of a
magnon and the creation of two magnons. The only limitation
for such a mechanism is the condition 2wy, < Wmax, Where
Wmin and wpmax are the minimum and the maximum frequen-
cies correspondingly in the magnon excitation spectrum. The
rate of nuclear relaxation in a ferromagnet, conditioned by
the three-magnon processes, is determined by the following

expression [29,33]:
1627)° Fw.S

<71)3m0(
s a
(aa ﬂa} —Xa Yﬂ Z) ((’:)

Here A, is the constant of magnetic hyperfine interaction,
and § is the full spin of the magnetic ion. Taking into ac-
count that in ferromagnets hw, = 2JS = 2(J; + J»)S, where
Ji and J, are the nearest-neighbor and next-nearest-neighbor
exchange constants, respectively, the expression (9) can be
written in the following way:

1 7.6 A2 +A2 ksT 7/2 0
(71>3,W 16027)° 2]h5“/2< 27 ) G

Summing up, we can conclude that the nuclear spin-lattice
relaxation of nuclei >*Cr in CrO, is determined mainly by two

terms:
Tl meas T] orb Tl m

the first of which is proportional to 7', and the second to
T33. Since the quantization axis of nuclear spins in CrO,

76 A} +A <kBT>7/2

hw,

crystallites is directed along the Y axis (c axis of a crystal
lattice), in the expression (10)x =Y, B =X, y =Z.

In Fig. 4(b) the temperature dependences of the nuclear
spin-lattice relaxation rates, measured on the ions Cr(A)
and Cr(B), were approximated by the expression (7})~! =
AT + BT", where A, B, and n were variable parameters. The
best correspondence between the experimental data and the
approximating lines has been achieved at the coefficients
for Cr(A): A =0.19, B=12.69 x 1077, n= 4.0(2), and for
Cr(B): A=0.18, B=1.92 x 1077, n = 3.9(2). As can be
seen, the n is close enough to the theoretical value n = 3.5.
As a result of this approximation, we have obtained that the
relationship of coefficients B at T* for Cr(A) and Cr(B) is 1.4.
Using Eq. (10), we obtain

B(Cr(A)) _ o _ AY(Cr(4)) +A}(Cr(4)) [S(Crw))}”/z
B(Cr(B)) ~ "~ A}(Cr(B))+A%(Cr(B)) | S(Cr(A)
= 1.4(1), (12)

or, proceeding from the constants of hyperfine interaction A,
to the local fields on the nuclear H, , = 2A,.S, we obtain

H?y(Cr(A)) + H; ,(Cr(A)) [S(Cr(B))] 15/2 — 1.401)
n,X(Cr(B))+ ,1Z(Cr(B)) S(Cr(A)) ' '

(13)

In the inset of Fig. 4(b), the temperature dependence of the
TE _ A(Cr(A)T+B(Cr(A)T* i
77 = ACr(B)T+BCr(B)T™ 1S

shown. Since at the low temperature (7' < 50 K) AT > BT*
and at high temperature (7 > 200 K) AT « BT*, we have

T8 ~ A(Cr(A) B(Cr(A))
#(T < 50K) = ACr(B)) and (T > 200 K) = BCrB) As

is seen in the inset of Fig. 4(b), indeed T—:A(T < 50K)=
ﬁﬁgzg;; = land T1 (T > 200K) = gzggg;; = 1.4 correspond
to the results of the approximation in Fig. 4(b). The equal-
ity A(Cr(A)) = A(Cr(B)) means the equality of the density
of states at the Fermi level Ng4(EF) for Cr(A) and Cr(B)
sites [see Eq. (7)]. As mentioned above, the limitation for
the three-magnon mechanism is the condition 2wy < @max,
where wpin and wpa are the minimum and the maximum
frequencies correspondingly in the magnon excitation spec-
trum. Then, we can estimate the minimal width of the magnon
band as Avpin = Wmin/27w = gugHs/h = 11.2 GHz. More-
over, we have evaluated the interatomic exchange interaction
J = 730 K by using Eq. (10), the data of Takeda et al. [13] for
the hyperfine coupling constants [Ax(Cr(A)) = 56 kOe/us,
Az(Cr(A)) = 122 kOe/ug], and our result 1/7;(Cr(A), T =
300 K) = 4 x 10* s7!. It is almost two times larger than the
estimate J = 400 K obtained theoretically in Ref. [34].

As was already mentioned in the Introduction, in Refs. [11]
and [13] there appeared a disagreement on the questions of
valence states of ions Cr(A) and Cr(B). In the earlier work
[11] analyzing their NMR data, the authors concluded that
the chromium ions in Cr(A) have valence Cr****, and ions
Cr(B) respectively, Cr*%*_ Their conclusion is based on the
supposition that H, y(Cr(A)) = H, y(Cr(B)). In the second
work of [13], based on a more thorough analysis of the local
magnetic field H, o, it was discovered that both the values
of H,, and their anisotropy have an essential difference for

relationship of relaxation times
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E(2t, ) (arb. units)

2¢, (ms)

FIG. 5. The dependences of the spin echo decay E (2t4) of >*Cr
[Cr(A) site] vs double delay between the pulses 2z, in the CrO,
at T = 77 K. Inset: the initial part E(2¢4;), measured with the step
Atges = 1 pus. The data for chromium in the Cr(B) position are not
shown because of their identity with the data for chromium in the
Cr(A) position.

chromium in the positions Cr(A) and Cr(B). From the data
analysis, it was stated that H, v(Cr(A)) # H, y(Cr(B)), and
S(Cr(A)) = S(Cr(B)), i.e., the valence state of ions Cr(A)
and Cr(B) is almost identical, and their valence is practi-
cally equal to Cr*". If we use the values of H,,, obtained
in Ref. [13], then from the expression (13) we obtain that
e = 1.009(5).

Therefore, our data on the temperature dependencies of the
nuclear spin-lattice relaxation in positions Cr(A) and Cr(B)
also prove that the valence state of chromium ions in these
positions is the same and corresponds to valence Cr**, and
the difference of resonance frequencies for Cr(A) and Cr(B)
nuclei is conditioned by the different magnetic local fields in
the place of their location.

However, it is still not clear why in the crystallographically
equivalent positions Cr(A) and Cr(B) chromium ions have a
different distribution of charges over 3d orbitals. It is possi-
ble that CrOg octahedra with Cr(A) and Cr(B) ions in their
centers are not completely equivalent and differ in size. In
this case, one can expect the different quadrupole frequencies
vol[Cr(A)] and vo[Cr(B)].

As was stated above, the quadrupole splitting of the NMR
lines is not observed in >*Cr NMR spectra in CrO,. It is
possible that the quadrupole splitting is hidden in the spectrum
width. As is known, if a homogeneous magnetic broadening

is less than the quadrupole splitting of the NMR line, the
characteristic oscillations in the spin-echo decay should be
observed, and the period of such oscillations is determined
by the quadrupole frequency [20,35-37]. We have measured
the spin-echo decay on both positions Cr(A) and Cr(B) at
T =77 K (Fig. 5) with the step of change of delay between
two recording pulses equal to 1 us, but we have not observed
any beats. This may be due either to the fact that homogeneous
magnetic broadening is larger than the quadrupole splitting of
the NMR line, or to the large inhomogeneity of distribution of
quadrupole frequencies in the investigated material.

IV. CONCLUSION

We have performed 3*Cr NMR measurements on the high-
purity polycrystalline sample to investigate the static and
dynamic properties of a half-metallic ferromagnet CrO,. Two
3Cr NMR lines, corresponding to magnetically nonequiva-
lent chromium sites Cr(A) and Cr(B), were observed in the
ferromagnetic phase of CrO, despite all the Cr ions being
situated on the crystallographic equivalent sites. We measured
the temperature dependences of the spin-lattice relaxation
rate (7;)~! for Cr(A) and Cr(B) nuclei in the ferromagnetic
phase in the temperature range 7 = 4.2-360 K. While ana-
lyzing the temperature dependencies (7;)~!, it was stated that
in the range of low temperatures (7' < 60 K) the relaxation
of nuclear magnetic moments is determined mainly by the
temperature-proportional orbital contribution conditioned by
the fluctuation of the orbital currents of d-band electrons.

It has been stated that at temperatures 7 > 60 K, the main
mechanism leading to the nuclear spin-lattice relaxation is the
so-called three-magnon scattering process, when the relax-
ation of the nuclear spin is accompanied by the absorption of
a magnon and the creation of two magnons. This contribution
is proportional to T7/2. As for the two-magnon contribution
to the spin-lattice relaxation of chromium nuclei, in the CrO,
compound it is absent. Based on the analysis of the tem-
perature dependences of (77)~! for Cr(A) and Cr(B) nuclei,
we found that the valence state of chromium ions in these
positions is the same and corresponds to valence Cr**, and
the difference of resonance frequencies for Cr(A) and Cr(B)
nuclei is conditioned by the different magnetic local fields in
their location.
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