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The crossing of the energy levels of ¥b ions in paramagnetic
YbPQ, in ultrahigh magnetic fields of up to 400 T, produced by an
explosive method, is investigated experimentally and theoretically. A
wide maximum is found in the differential susceptibility/dH in a

field H.~280 T. This maximum is due to the crossing of the energy
levels of the magnetic ions in the field. The magnetocalorimetric effect
is calculated under the assumption that the magnetization process in the
pulsed fields is adiabatic. The effect is nonmonotonic as a function of
the field and is accompanied by a substantial cooling of the crystal near
H.. © 1997 American Institute of Physics.

[S0021-364(®7)00409-X]

PACS numbers: 75.268.g, 33.80.Be

Crossing of the energy levels of magnetic ions in a figldssover and an associ-
ated jump in magnetization have been predicted theoreticiltythe compound TmSb
and have been observed experimentally in various rare-@aEhcompoundgsee, for
example, Ref. 2in both paramagnetic and ordered states. This effect occurs when the
energy of the lower level of the crystal-field-split ground-state multiplet of the RE ion
depends on the magnetic field much more weakly than the energy of one of the excited
multiplets. For this reason, in sufficiently high fields these levels first draw together and
then exchange places. Since in this case the more “magnetic” level becomes the ground-
state level, crossover is accompanied by an abrupt increase in the magnetizatimha
maximum in the differential susceptibilitgM/dH.

It can be expected that level crossing effects will be quite numerous in the RE
zircons RXQ (R is a rare-earth ion, X= As, P, V), since the quite low tetragonal
symmetry of zircor(space grou;ﬁ)iﬁ=l41/ama) gives arich, weakly degenerate, spec-
trum of the RE ion and an appreciable magnetic anisotropy in directions parallel to and
perpendicular to the tetragonal axis in the paramagnetic state. Since there are no non-
equivalent positions for a RE ion in the zircon structure, these effects should be clearly
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FIG. 1. Experimentall) and computed2, 3) dependences of the differential susceptibildy/dH for
YbPO, for magnetic field orientation near the tetragonal 4€i81] (6 — angle of orientation

observed even in macroscopic characteristics such as the magnetization. Of the entire
series of RE zircons, crossover in comparatively weak magnetic field® (T) has been
investigated thus far only in paramagnetic Ho)O® The substantial progress made in
producing high and ultrahigh magnetic fields makes level crossing effects now accessible
for experimental investigation. In the present work we investigated level crossing in
paramagnetic YbPPboth experimentally and theoretically.

The measurements were performed on a YpBigle crystal at 4.2 K by an induc-
tion method in pulsed magnetic fields of up to 400 T, produced by an explosive nfethod.
The rise time of the field in the pulse was equal toids These are one-time measure-
ments and the measuring coils and samples are destroyed after each pulse; it is impossible
to compensate the signal from the magnetic field completely. Therefore the signal in-
duced in the measuring coils can be written in the form

dMm dH

Vi(H) ~ 4 K5 1)
where the first term corresponds to the signal from the sample and the second term
corresponds to the coil decompensation signal. During the field pulse the signaisd
V,~dH/dt from the measuring and “field” coils were recorded every 0.Q02 (ap-
proximately 8000 poins These data make it possible to calculate the curves
V1(H)/V5(H) (which, assuming that the decompensation signal is only a weak function
of the field intensity, are proportional with proportionality constinto the differential
susceptibility of the sampldM/dH=(dM/dt)/(dH/dt) and also to time-average the
signal in order to decrease the high-frequency fluctuations of the background.

Figure 1 displays the experimental and theoretical curveshdfdH for a YbPQ,
single crystal for a magnetic field oriented along the tetragonal [®04]. The wide
maximum of the susceptibility &i ,~280 T is due to the crossing of the energy levels of
the YB** ion. The large width of the maximum is apparently due to the change in the
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temperature of the sample as a result of the magnetocaloric effect accompanying mag-
netization in a pulsed field. Since the spin—lattice relaxation time in RE ionic compounds
is very short (10 ° s; see, for example, Ref) €ompared with the duration of the field
pulse, the electronic subsystem and lattice are in equilibrium during the measurements
and the magnetization process is close to adiabatic. In our view, the heat transfer between
the sample and the surrounding medium is very weak, even in pulsed fields with duration
~10 ms, as is indicated by the fact that the magnetization curves with increasing and
decreasing field are the same.

The Zeeman effect and the magnetic characteristics were calculated using a Hamil-
tonian that includes the crystal-field Hamiltonian, written in terms of the irreducible
tensor operator€X, and a Zeeman term:

H=B2C2+BjCa+BSCE+Bi(Ci+C* ) +BE(CE+C8 ) +gyugH-J. 2)

Here B'é are the crystal-field parameters aggl is the Landefactor. The crystal-field
parameters for the Y8 ion in the phosphate matrix are known only for the doped
compounds Yb:LuP@and Yb:YPQ (Ref. 8 (the parameterB3 of these compounds are
substantially differentand can, generally speaking, differ appreciably from the values for
the concentrated YbPQcompound. The crossover field, is determined by the spec-
trum and wave functions of the ground-state multiplet,2 of the YB** ion, which are
formed by the crystal field. Our calculations ldf. with the crystal-field parameters for
Yb:YPQ, and Yb:LiPQ, give values of 210 T and 180 T, respectively. Numerical analy-
sis shows that the value of the crossover field is most sensitive to the paradgeter
Solving the optimization problem for YbRQaking account of all available information
(from spectroscopy and E&Ras well as our magnetic measuremgugises crystal-field
parameters which fall within their range of variation in the series of RE phosphates and
yields the theoretical valuel,=270 T. This value agrees well with the experimental
value within the error limits associated with measurement of the fieldQ®%) and a
possible disorientation of the sample sf3°.

An interesting feature of crossover in YbpPQOs that the ground-state level
(99~2) crosses the bottom level of the first excited doublet, for which the
z-component of theg-tensor in the absence of a magnetic field is much smaller
(g§X1<O.1). In a field, however, the third excited doublet is strongly admixed to the
bottom level of the first excited doublet of the state7/2), both states belonging to the
same representation, and a large increase occurs ig,tfector of the latter. For the
ground-state doublegj, does not change as strongly in a field because of the weak
admixture of the second excited doublet to it. We note that for a field orientation strictly
in the direction of the tetragonal axis there is no mixing of the wave functions of the
ground-state and first excited doublets and for this reason the “true” level crossing
should be observed. A misorientation of the field by even 3-5° causes components
| =7/2) to appear in the wave function of the ground state and in the interaction between
the ground-state and first excited levels, which gives rise to a smalllgag repulsion
in the spectrum near the crossover fields. This results in broadening of the maximum in
dM/dH and increases the crossover field.

In calculating the magnetic characteristics for fields from 0 to 400 T with step
AH=0.01T, the Hamiltoniari2) was diagonalized numerically in order to determine the
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FIG. 2. Isothermall) and adiabatiq2) magnetization curve (H) for YbPO, for the initial temperature
To=4.2 K and variation of the temperatufé¢H) of the sample due to the magnetocaloric effect accompanying
adiabatic magnetization.

spectrum and the wave functions of the3Ytion, and the “elementary” magnetocaloric
effect AT accompanying a change in the field frainto H+ AH was calculated:

AT=—(M/JT)4TAH/Cy. (3)

In this formula the total specific heflt; of the crystal includes the lattice specific heat
Ciar~ (T/Tp)? (the Debye temperature for the phosphate latfige=275 K% and the
magnetic specific he& 54, calculated for each value of the field and temperature on the
basis of the spectrum of the RE ion. These data made it possible to calculate the isother-
mal and adiabatic magnetization of Ybjp@nd the temperature of the sample as a
function of the magnetic fieldFig. 2). The latter function is nonmonotonic, i.e., at first
the sample is heated by approximately 25 K and then it cools down by approximately 20
K in the region of the crossover fields. The sign of the “elementary” magnetocaloric
effect is determined by the sign of the derivativ/JT) . For isothermal magnetiza-

tion curves with jumps this derivative is positive as the crossover field is approached
(heating smooths the jumpswvhich explains the cooling of the crystal near crossover.

Level-crossing investigations yield a great deal of information about the spectrum
and wave functions of the RE ion, and ultimately their purpose is to investigate the
crystal field. The good agreement between the computed and experimental data for
YbPO, confirms that the magnetization process in an ultrahigh field is nearly adiabatic.
Depending on the character of the levels participating in crossover, both heating and
cooling of the sample can be observed near crossover. Cooling of the crystal gives
anomalies of the magnetic characteristics that in a number of cases are even more pro-
nounced than for an isothermal process in static fields. This makes it possible to inves-
tigate crossover effects by performing magnetic measurements in high and ultrahigh
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pulsed fields. We underscore that, as our calculations show, such effects can be expected
for an entire series of compounds from the group of RE oxides with the zircon structure.

de-mail: kazei@plm2phys.msu.su

1B. R. Cooper, Phys. Let22, 244 (1966.

2M. Guillot, A. Marchand, V. Nekvasil, and F. Tcheou, J. Physl& 3547(1985.
3J. E. Battison, A. Kasten, M. J. M. Leask, and J. B. Lowry, J. Phy$0C323(1977.
4T. Goto, A. Tamaki, T. Fujimura, and H. Unoki, J. Phys. Soc. J5.1613(1986.
5P. Morin, J. Rouchy, and Z. Kazei, Phys. Rev5B 15103(1995.

SA. 1. Pavlovskii, N. P. Kolokol’chikov, and O. M. TatsenkMegagauss Physics and Techniquedited by
P. Turchi, Plenum Press, New York, 1980.

"Landolt-BornsteinNumerical Data and Functional Relationships in Science and Technolofy27/e, edited
by H. P. J. Wijn, Springer-Verlag, Berlin, 1991.

8p. C. Becker, T. Hayhurst, G. Shalimaf al., J. Chem. Phys81, 2872(1984).

9p. C. Becker, N. Edelstain, G. M. Williaret al, Phys. Rev. B45, 5027(1992.

10A, Kasten, H. G. Kahle, P. Klofer, and D. Schafer-Siebert, Phys. Status Solidi4p423 (1987).

Translated by M. E. Alferieff

724 JETP Lett., Vol. 65, No. 9, 10 May 1997 Kazel et al. 724



