Pis’ma v ZhETF, vol. 106, iss. 12, pp. 760 – 761 © 2017 December 25

On the induction of the first-order phase magnetic transitions by acoustic vibrations in MnSi

S. A. Pikin^{1)}

Shubnikov Institute of Crystallography of Federal Scientific Research Centre “Crystallography and Photonics” of Russian Academy of Sciences, 119333 Moscow, Russia

Submitted 3 November 2017

DOI: 10.7868/S0370274X17240079

It was shown [1] that thermal expansion of the itinerant helical magnet MnSi as a function of temperature down to 5 K and magnetic field to 3 T has the small discontinuity at the magnetic phase transition in MnSi which decreases with application of magnetic field. In accord modern ideas [2, 3], a low-field anomaly H corresponds to the helical-conical (a spin-skyrmion phase) transition. The anomaly corresponding to the helicalparamagnetic phase transition at zero magnetic field was considered as a fluctuation-induced weak first-order transition [4, 5], but this explanation meets some difficulties [1]. A change at higher field H_c is the result of a transformation from the conical phase to a field-induced ferromagnetic phase.

The main result of the present paper contains the conclusion that the magnetic phase transition in MnSi always remains first order at any temperature and magnetic field. In these aims, a model of coupling parameter with other degrees of freedom is used. Its behavior essentially depends on the jump in the heat capacity −ΔC_P .

The coupling of magnetic order parameters with long-wave acoustic phonons, in the presence of the nonsingular parts of the bulk and shear moduli (K_0 and μ), a first-order transition occurs, participle near the transition the heat capacity and the compressibility remain finite, if in the system without allowance of the acoustic phonons the heat capacity becomes infinite. It is assumed that in the system without allowance of the acoustic phonons the heat capacity becomes infinite according a law f(T − T^0_c ) at a certain temperature T^0_c , a second-order transition point. Near T^0_c , the free energy depends only on the difference T − T^0_c . For T → T^0_c , the function f has the form A|T − T^0_c |^{2−α} where coefficient α depends on the proximity of temperature to the point T^0_c , A is a positive phenomenological constant. The function f is related to one unit cell. If there is a region of applicability of the self-consistent field approximation, then in the zero-approximation (the Lan-

1)e-mail: pikin@ns.crys.ras.ru

dau’s phenomenological theory) the function f and corresponding part of the heat capacity of unit volume ΔC_P has a jump, but with approach of T to T^0_c , correlation corrections proportional to |T − T^0_c |^{−1/2} become important (the first approximation of the Landau’s theory) [6, 7]. In the immediate neighborhood of a transition point of the second kind, the heat capacity becomes infinite according to a law close to the logarithmic – A(T − T^0_c )^2 ln |T − T^0_c | [8].

The expression for Φ depending on the shear stress, i.e. giving rise to the singularity in the effective interaction between magnetic cells via exchange of lowmomentum phonons [9], is written [10, 11] in the form

Φ = Φ_0 −

P^2 2K_0

+ NT^0_c [ −f(x) + λ 2 (df/dx)^2 ] , (1)

where N is the number of cells in unit volume, c is equal to the derivative of the first-order transition temperature T_c with respect to pressure P if the singular part of the potential Φ is symmetric with respect to the transition point, T_c = T^0_c + cP, λ ∝ μ. (2)

In (1) the parameter x must be expressed in terms of T by means of the minimization of Φ.

With allowance for interaction with long-wave acoustic phonons (for motion of the centers of the cells) [6, 9], a nonvanishing compression modulus K_0 and μ (the nonsingular parts of the bulk and shear moduli), a firstorder transition occurs, participle near the transition all the quantities (the heat capacity, the compressibility, and susceptibility) remain finite [10, 11].

The dependence of the volume discontinuity of the thermal expansion on the applied magnetic field varies sufficiently broadly. It is assumed that the Frenkel concept of heterophase fluctuations [12, 13] may be relevant in the considered examples, which show that, for some phases, the heat capacity of the system remains continuous and finite at the transition point. Ultrasound studies [14, 15] have revealed a decrease of elastic moduli in the T −H region corresponding to the proposed

760 Письма в ЖЭТФ том 106 вып. 11 – 12 2017

On the induction of the first-order phase magnetic transitions by acoustic. . . 761

tricritical point [16], but no specific features identifying a tricritical point were observed in these experiments, for example, there was no tendency for the heat capacity to diverge. Instead, in accordance with [1], heterophase fluctuations smooth the transition to simulate a secondorder phase transition. It is supposed that the transition is progressively smoothed by these fluctuations at the application of the magnetic field.

When anomalous parts of the heat capacity of unit volume, i.e. the values ΔC_P are large (in weak magnetic fields accordingly to [1]), they can be considered as the jumps in heat capacity, then first-order transitions can be described by the approximation of the self-consistent field [17]. If the values ΔC_P are very small (in sufficiently strong magnetic fields accordingly to [1]), then the asymptotic case takes place, and here ΔC_P ∝ ln |x|. In the asymptotic region, in particular for a narrow range of temperatures near the phase boundary between the skyrmion phase and conical phase and for small applied magnetic fields, the derivative d^2f/dx^2 has, possibly, a form close to −A ln |x|.

The impurity effect shows that, for some phases, the heat capacity of the system remains continuous and finite at the transition point. It should be noted that sufficiently high concentration of some impurities changes the nature of the transition, damping the large-scale fluctuations in the system, thereby weakening the singularity in the free energy F (an analog of the Frenkel concept) [18, 19]. Due to the number of impurity particles, the thermodynamic potential now is

Φ = Φ_0 − p^2 2K_0

+ NT^0_c [ −f(x) + λ + λ̃ 2 (df/dx)^2 ] , (3)

where

λ̃ = N T^0_c ( ∂T_c ∂ζ )_2

ζ=ζ_0 ( ∂^2Ω ∂ζ^2

)_{−1}

ζ=ζ_0 . F (T, n) near T_c is written in the form F (T, n) = = F (T_c(ζ)) + Ω(ζ), ζ is the chemical potential of the impurities, F (T_c(ζ)) is a singular function of T − T_c(ζ), T_c(ζ) and Ω(ζ) are smooth functions. In the first approximation, n = −

(_{∂Ω} ∂ζ ) at ζ = ζ_0. The Eq. (3) differs from analogous Eq. (1) by the presence of the coefficient λ + λ̃. When the effective coefficient λ + λ̃ can change its sign for the increasing number of impurities in corresponding phases. For example, this takes place for a transformation from the conical phase to a fieldinduced ferromagnetic phase. Its sign can be negative (λ + λ̃ < 0) at sufficiently small λ and large – λ̃ (see Eq. (14)), since the quantity

(_{∂2Ω}

∂ζ^2_0 ) < 0, which corresponds to an increase in the chemical potential with an increase in the number of impurity particles. This assumption means that for ζ = const the fluctuations in impurity concentration n can be arbitrarily large and, therefore, do not prevent critical fluctuations of the order parameter. This circumstance radically changes the thermodynamic properties of the system with a fixed average number of impurity particles n.

The approach taking into account a possibility of the acoustic oscillations and the fixed concentration of impurities simultaneously in the system can be plausible for consideration of phase transitions in various models including Ising [20].

I greatly appreciate to V.E. Dmitrienko for the fruitful discussion and the financial support of the Program of the Presidium of RAS on Strongly Compressed Matter.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017240031

1. A. E. Petrova and S. M. Stishov, Phys. Rev. B 94, 020410(R) (2016).

2. Y. Ishikawa and M. Arai, J. Phys. Soc. Jpn. 53, 2726 (1984).

3. S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, and P. Böni, Science 323, 915 (2009).

4. S. A. Brazovskii, Sov. Phys. JETP 41, 85 (1975). 5. M. Janoschek, M. Garst, A. Bauer, P. Krautscheid, R. Georgii, P. Böni, and C. Pfleiderer, Phys. Rev. B 87, 134407 (2013).

6. V. G. Vaks and A. I. Larkin, Sov. Phys.-JETP 22, 678 (1966).

7. B. A. Strukov and A. P. Levanyuk, Ferroelectric Phenomena in Crystals, Springer, N.Y. (1998).

8. V. L. Pokrovskii, Advances in Physics 28, 595 (1979). 9. V. L. Pokrovskii, Sov. Phys.-Solid State 10, 2852 (1969). 10. A. I. Larkin and S. A. Pikin, Sov. Phys. JETP 29, 891 (1969).

11. A. I. Larkin and S. A. Pikin, Sov. Phys.-JETP 29, 5 (1969).

12. J. Frenkel, J. Chem. Phys. 7, 538 (1939). 13. A. F. Andreev, Sov. Phys. JETP 18, 1415 (1964). 14. A. E. Petrova and S. M. Stishov, J. Phys.: Condens. Matter 21, 196001 (2009).

15. A. E. Petrova and S. M. Stishov, Phys. Rev. B 91, 214402 (2015).

16. A. Bauer, M. Garst, and C. Pfleiderer, Phys. Rev. Lett.

110, 177207 (2013).

17. C. P. Bean and R. D. Rodbell, Phys. Rev. 126, 104 (1962).

18. S. A. Pikin, Structural Transformations in Liquid Crystals, Gordon and Breach Science Publishers (1991).

19. S. A. Pikin, ZhETF 58, 1406 (1970).

20. L. D. Landau and E. M. Lifshitz, Statistical Physics, 3^{rd} Ed., Pergamon Press, London (1981).

7 Письма в ЖЭТФ том 106 вып. 11 – 12 2017